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AUTOMATIC  APPARATUS  FOR  nNTTERMnTENT 

TESTING 


By  a  W.  Vinal  and  L.  M.  Ritchie 


1.  mTRODUCnON  AND  APPLICATION 

This  apparatus  has  been  devised  to  meet  the  needs  of  the 
Bureau  of  Standards  in  making  tests  of  dry  cells  and  storage 
batteries,  but  is  applicable  to  nearly  any  form  of  intermittent 
test  requiring  the  closing  of  electrical  circuits  at  regular  time 
intervals. 

The  usual  tests  of  dry  cells  which  are  made  at  the  present  time 
are  arbitrary.  They  involve  the  discharge  of  the  cells  through 
resistances  for  varying  periods  of  time,  depending  upon  the 
service  for  which  the  particular  cells  are  designed.  The  telephone 
test,  frequently  referred  to  as  the  ''A.  T.  and  T.  test,**  consists  of 
a  discharge  of  3  cells  in  series  during  4  minutes  per  hour  for  10 
consecutive  hours  a  day,  but  omitting  every  other  discharge 
period  on  i  day  of  the  week.  The  "ignition  test"  for  cells  which 
are  designed  for  a  heavier  type  of  service  involves  a  discharge  of 
the  group  of  cells  for  i-hoiu:  periods  twice  each  day.  The  "  flash- 
light test"  requires  a  discharge  of  the  cells  for  5  minutes  once 
during  24  hours.  The  details  of  these  tests  may  be  found  in 
Circular  No.  79,  Electrical  Characteristics  and  Testing  of  Dry 
Cells,  published  by  the  Btu-eau  of  Standards. 

Additional  tests  which  may  be  made  simultaneously  with  these 
include  the  life-testing  of  storage  batteries  and  intermittent  tests 
of  caustic-soda  primary  batteries,  such  as  are  used  for  railway 
signaling.  The  life  tests  of  storage  batteries  consist  of  a  con- 
tinuous series  of  charges  and  discharges,  2  complete  cycles  being 
made  in  each  24  hours,  without  requiring  the  presence  of  an 
observer.  Researches  on  the  capacity  of  various  batteries  for 
dififering  periods  of  discharge  are  planned  also. 

2.  DESCRIPTION  OF  CONTROL  APPARATUS 

A  general  view  of  the  apparatus*  is  shown  in  Fig.  i.  The 
pendulum  clock,  in  which  an  electrical  contact  has  been  placed, 
closes  the  circuit  once  every  minute  and  furnishes  an  electrical 

1  W«  «re  indebted  to  Matthew  HarriMti  and  F.  If.  DcCandod  for  valuebk  aMSstanoe. 
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inqnilse  to  one  of  two  selective  iela3rs  which  are  contained  in  the 
glass  case  on  the  table.  The  details  of  these  relays  may  be  more 
clearly  seen  in  Figs.  2  and  3.  As  each  impulse  is  received,  the 
shaft  at  the  left-hand  end  is  advanced  by  one-sixtieth  of  a  revo- 
lution, and  therefore  it  makes  i  complete  revolution  per  hour. 
Once  an  hour  this  ^laft  furnishes  a  shnilar  impulse  to  the  coils  at 
the  other  end  of  the  apparatus,  which  causes  the  shaft  at  the 
right-hand  end  to  rotate.  There  are  24  teeth  in  the  wheel  at 
this  end,  and  this  shaft  therefore  makes  i  revolution  in  24  hoius. 
The  third  shaft  is  geared  to  the  24-hotu"  shaft  in  the  ratio 
of  I  to  7  and  makes  i  revolution  in  a  week.  By  placing  suitably- 
designed  commutators  on  these  three  shafts  the  apparatus  may 
be  made  to  control  any  required  periodic  test. 

Owing  to  the  inertia  of  the  commutators  on  these  shafts,  it  was 
necessary  to  use*a  driving  mechanism  similar  to  the  escapement 
of  a  clock,  in  order  that  the  shaft  might  not  turn  by  more  than  the 
given  angular  amount  when  the  armature  is  operated  by  the 
ciurent  in  the  magnet  coils.  The  commutators  are  made  of  hard 
rubber,  with  metallic  s^;ments  having  platinum  surfaces.  The 
brushes  which  bear  upon  the  commutators  are  of  phosphor-bronze, 
with  contact  p>oints  of  platintun-iridium.  In  the  illustration, 
Fig.  3,  the  commutators  for  making  the  telephone  test  may  be 
seen.  The  commutator  on  the  hour  shaft  closes  the  circuit  for 
4  minutes.  The  commutator  on  the  day  shaft  has  10  segments 
which  are  staggered,  every  other  one  of  these  being  made  inopera- 
tive one  day  a  week  by  the  insulated  portion  of  the  commutator 
on  the  week  shaft.  Commutators  for  the  other  tests  which  are 
being  controlled  by  this  apparatus  are  not  shown  in  this  picture. 

When  the  circuit  through  the  contacts  on  the  commutatc»3  is 
complete,  the  ciurent  closes  one  of  the  master  relay's  which  may 
be  seen  in  Fig.  i  above  the  automatic  ap|)aratus.  These  are 
telephone  relays  of  the  type  No.  118,  Western  Electric,  to  which 
small  phosphor-bronze  springs  have  been  added  to  prevent  sticking 
of  the  relay  owing  to  the  current  of  the  multiple-switch  solen(Hd, 
which  flows  through  the  contact  for  a  considerable  time.  These 
springs  are  operative  only  at  the  instant  when  the  relay  b^ins 
to  release  the  armature  and  do  not  affect  the  relay  when  the 
magnetized  coil  first  acts  on  the  armatture  after  the  circuit  is 
closed.  One  master  relay  is  provided  for  each  different  test 
excepting  for  the  storage-battery  life-test  circuit,  for  which  one 
relay  operates  the  charging  circuit  and  a  second  relay  the  discharge 
circuit.    Each  relay  is  connected  with  an  electric  counter  (Kdlogg 
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Fig.  2. — The  control  apparatus.  The  shaft  at  the  left  makes  one  revolution  per  hour, 
the  shaft  at  the  right  one  revolution  per  day,  and  a  third  shaft  at  the  back  (see  Fig. 
3)  one  revolution  per  week 


Fig.  3. — Detail  view  ^  the  apparatus.  The  driving  mechanism  is  like  the  escape- 
ment of  a  clock.  Segments  on  the  commutators  have  platinum  surfaces.  The 
brushes  are  of  phosphor-bronze  with  platinum-iridium  contact  points.  Only  a 
few  of  the  commutators  are  shown 
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message  register),  which  records  the  number  of  times  that  the 
circuit  is  closed.  A  secondary  contact  in  each  message  register 
is  utilized  to  light  a  small  signal  lamp  to  indicate  which  circuit  is 
in  operation. 

The  diagram  of  the  circuits  is  shown  in  Fig.  4.  Between  the 
clock  and  the  control  apparatus  there  are  two  relays.  The  first 
is  within  the  clock  itself;  the  second  is  in  the  box  which  may  be 
seen  immediately  beneath  the  clock  in  Fig.  i .  This  second  relay 
is  a  matter  of  convenience  for  other  purposes,  but  is  not  necessary 
for  the  operation  of  the  apparatus.     In  the  locked  box  with  this 


Fig.  4. — Diagram  of  the  circuits 

relay  is  a  snap  switch  for  the  i  lo-volt  circuit,  also  2  fuses  made  of 
gold  foil  which  will  btun  out  if  the  current  exceeds  0.3  ampere. 
They  are  to  protect  the  solenoids  of  the  automatic  apparatus. 

The  batteries  indicated  in  Fig.  4  may  be  seen  beneath  the  table 
in  Fig.  I .  They  are  of  the  copper  oxide-zinc  type,  approximately 
300  ampere-hoiu:  capacity,  made  by  the  Edison  Primary  Battery 
Co.,  the  National  Carbon  Co.,  and  the  Waterbury  Battery  Co. 
They  are  assembled  in  a  box  on  casters  and  have  flexible  electrical 
connections  so  that  they  may  be  rolled  out  into  the  room  for 
examination  or  voltage  measiu'ements  whenever  required. 
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3.  MULTIPLB  SWITCHES  AHD  TEST  BOARDS 

For  the  dry-cell  testing  it  is  necessary  to  close  a  large  number 
of  independent  circuits  simultaneously,  For  this  piuT>ose  mul- 
tiple switches,  as  shown  in  Fig.  5,  are  used.  The  contacts  are 
mercury  cups  with  double  break.  The. switch  shown  is  con- 
structed of  "  Formica."  The  upper  part  of  the  switch  is  mounted 
on  pivot  hinges  and  is  operated  by  the  solenoid.  The  ciurent 
required  to  operate  this  solenoid  is  0.09  ampere,  which  is  sufficient 
to  give  the  switch  a  positive  action  without  being  too  much 
current  for  the  secondary  contact  of  the  relay.  The  counter- 
weight, which  may  be  seen  at  the  back,  is  adjusted  to  open  the 
switch  by  gravity  and  keep  it  open  except  when  current  is  flowing 
through  the  solenoid.  In  case  of  failure  of  the  power  circuit  at 
any  time  the  switch  opens  and  avoids  overdischarge  of  the  bat- 
teries. By  disconnecting  the  switch  from  the  solenoid  the  top  of 
the  switch  can  easily  be  thrown  back  for  an  examination  of  all 
the  mercury  contacts.* 

Dry  cells  such  as  are  in  tubular  flash-light  batteries  are  easily 
tested  by  mounting  them  on  the  board  shown  in  Fig.  6.  Sliding 
contacts  at  the  lower  part  of  the  board  permit  an  adjustment  for 
any  length  of  battery.  A  screw  with  a  blunt  end  supports  the 
battery  at  the  bottom  (zinc  electrode)  and  a  similar  screw  with  a 
sharp  point  at  the  upper  end  of  the  battery  makes  contact  with 
the  brass  cap  on  the  carbon  rod,  clamps  the  cells  together,  and 
securely  holds  the  battery  in  position.  The  discharge  resistances 
are  4  ohms  for  each  cell  in  the  battery.  These  resistances  have, 
therefore,  been  made  up  as  imit  coils  of  the  same  dimensions  hav- 
ing 4,  8,  and  12  ohms.  Each  coil  has  lead  terminals  at  its  ends, 
which  are  gripped  by  the  pointed  screws  that  hold  the  coil  in 
place — above  the  battery  which  is  on  test.  Potential  leads  from 
the  terminals  of  each  battery  pass  in  a  cable  along  the  back  of  the 
board  and  are  brought  to  the  telephone  jacks  beneath  the  window 
of  the  constant-temperature  room  shown  in  Fig.  i.  Readings  are 
rapidly  taken  on  a  voltmeter  by  the  telephone-plug  connection 
while  the  batteries  are  discharging. 

4.  SUMMARY 

The  apparatus  which  has  been  described  was  designed  primarily 
for  testing  dry  cells  and  storage  batteries.  It  automatically  closes 
the  contacts  for  the  discharge  of  the  dry  cells  at  predetermined 

*  Since  this  paper  wms  written  we  have  alio  mcd  ^z-contact  relays  (Type  jatH)  made  by  tbe  North 
Bkctric  Co.    Thcfe  are  prorided  with  wiping  contacts  suitable  far  doting  the  battery  drcnits. 
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times  and  controls  both  the  charge  and  discharge  of  storage  bat- 
teries on  life  tests.  The  apparatus  consists  of  2  selective  relays 
having  3  rotating  shafts  which  make  complete  revolutions  in  i 
horn:,  I  day,  and  i  week,  respectively.  The  coils  of  the  first  relay 
are  energized  once  every  minute  by  the  clock  shown  in  Fig.  i. 
The  coils  of  the  second  relay  are  energized  once  each  hour  by  the 
first  relay.  In  this  way  rapidly  moving  parts  are  eliminated  and 
the  accuracy  of  the  time  intervals  increased.  Any  periodic  test 
may  be  controlled  by  this  apparatus  by  means  of  suitably  de- 
signed commutators  which  are  placed  on  the  rotating  shafts.  The 
contacts  on  the  commutators  are  platinum  against  platintmi 
iriditmi.  Test  boards  for  various  sizes  of  dry  cells  with  multiple 
switches  to  close  the  individual  circuits  are  described. 

Washington,  April  22,  1920. 
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Part  a.  Proposed  q>ecificati<m  lor  cast-iron  cylinder  parts  for  locomotives as 

PART  1 

INVESTIGATION— METHODS  AND  RESULTS 

I.  INTRODUCTION 

Frequent  renewal  of  cylinder  parts  of  locomotives  results  in 
greatly  increased  cost  of  maintenance  to  the  railroads,  and  conse- 
quently the  quality  of  the  cast  iron  entering  into  their  construc- 
tion is  a  matter  of  paramount  importance,  particularly  from  the 
standpoint  of  wear.  These  parts  include  piston-valve  bushings, 
pbton-valve  packing  rings,  piston-valve  bull  rings,  cylinder 
budungs,  piston  packing  rings,  and  piston-head  or  bull  rings. 
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It  was  fotind  that  ordinary  high-silicon  cast  iron  gave  unsatis- 
factory wear,  particularly  in  modem  superheater  locomotives, 
and  the  tendency  has  been  toward  a  harder  and  stronger  iron. 

At  the  request  of  the  former  U.  S.  Railroad  Administration  the 
Bureau  of  Standards  has  investigated  the  mechanical,  chemical, 
and  microscopical  properties  of  a  ntmiber  of  packing  rings  fur- 
nished with  service-mileage  records,  as  well  as  arbitration-test 
bars,  chill-test  specimens,  and  miscellaneous  samples  from  differ- 
ent manufacturers.  All  of  this  material  was  cast  iron  such  as 
used  for  the  various  cylinder  parts.  It  was  desired  at  the  same 
time  to  review  the  previous  work  and  specifications  on  this  subject, 
to  ascertain  as  far  as  possible  the  practices  of  the  different  f otm- 
dries  and  to  suggest  such  revision  of  existing  specifications  as 
would  be  warranted  by  the  results  of  the  present  and  of  earlier 
investigations. 

The  samples,  131  in  number,  were  furnished  to  the  Bureau  of 
Standards  by  the  U.  S.  Railroad  Administration.  The  first 
samples  were  received  April  2,  1919,  and  the  last  September  26, 
1919;  they  were  numbered  i  to  131,  inclusive,  in  order  of  receipt, 
and  their  identification  marks  and  history  are  to  be  found  in 
Table  i.  In  accordance  with  the  policy  ot  the  Bureau  of 
Standards,  the  names  of  the  manufacturers  are  withheld.  In  the 
course  of  this  paper  the  nine  f otmdries  are  designated  by  the 
letters  A  to  I,  inclusive. 
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Bnken  aibitration-teet  bar  repreionHng  pocking 
ling  and  cylinder  lien  tumiolMd  Iv  U.  & 

made  in  freoonce  of  U.  a  RaUiead  Admlnla» 

tratloii  impoclor,  Oct  16, 1918. 
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TABLB  1— Coatinued 


No. 
SI 

S2 

» 

9« 

95 

M 

17 

M 

m 

40 

41 

42-13,  taidiiftfe 

44- 

47 

4M9,  Inctaiivt. 

90-SS,  inchnif*. 


New  loMnfiM . 


....do.. 

17  504.. 


Bfokon  uWlntiHHtoit  bor  i 
rlnc  aad  cjrllador  bon  fnnililiod  Iv  U.  8. 


rnodo  In 


of  U.  S.  RoUvMMl  Admlnlo- 
'.  Jan.  17, 1919. 


ling  aad  cjrllador  bon  fnniliiiod  Iv  U.  8. 

RoUiood  Aiftnlnlitntlon  ooglnoi.   TooIb  won 

mado  In  ffoaonco  of  U.  S.  RaUmid  Admlnl>» 

tration  taapodor.  Fob.  4, 1919. 
Bnken  arbMnliHirtoot  bar  rogroaonting  packing 

ring  and  cyUndor  Iran  tumlBhad  Iv  U.  8. 

SaUnad  Aifmliiiitiallun  onglnoa.  Toala  woro 

mado  In  freoonca  of  IT.  8.  RaUnad  Admlnl>» 

tnllHi  taapodor.  Fob.  15, 1919. 
Bnkon  arhitfaHw^4oat  bar  roproaontlng  pMktag 

ring  and  cyUndor  Iran  tnmlaliod  Iv  U.  8. 

Ralboad  Admtalateation  ongtaoa.  Toala  woro 

mado  ta  preoonce  of  U.  8.  RaUnad  Admtal>» 

tmllm  taapaelar.  Fob.  20, 1919. 
Broken  aibttmtioiHCoat  bar  roproaontlng  padiing 

ring  and  opHiodor  Iron  kiinldiod  lor  U.  8. 

RaQroad  Admlnlitratlon  onglnoa.  Toala  woro 
ta  prooonco  of  U.  &  Saflraad  Admtala- 
^portor.  Mar.  10^  1919. 
Pioeo  of  cjrltodor  pMkk«  rki 

B  1492,  lor  nao  Oft  U.  &  RaUnad  i 


Ploeo  of  qrltador  boditag 
tract  B 1500,  lor  nao  Oft  U.  8. 


Ploeo  of  cjrliBdor  boditag  blank,  otdor  201,  lor 
nao  on  U.  8.  XaUroad  AdmtalatiatlMi  onglnoo. 

201.  lor  nao  on  U.  a  RaUnad  Admtalatration 


Ploeo  of  packing  ring,  ofdor  201,  lor  nao  on  U.  8. 

Do. 
Two  ontko  pocking  ringi  ta  aarrko  Cnm  ICaf  22, 
1918.  to  Doc  15,  1918,  on  a  BCIkado  or  2-8-2 


Nofor  ta  aoivieo. . 


Throo  now  pocking  rlngp  Intondod  lor  a  aopor- 


Apparently   ta  oonrlco 
but  no  record  fur- 


28  988.. 


Small  piece  of  pocking  ring  whldi  had  apparently 
boon  ta  aocvko. 

Two  entire  pocking  ringi  whldi  made  *«tdr" 
aervice  on  engine  5107,  Padflc  typo,  aopor- 


1518.. 


Piecoo  of  packing  ring  gMng  poor  aoryice  on 
Padflc  type  engine  5118,  aopodioatod. 
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TABLB  1— Continued 


No. 


SmyIcc  rocQcd 


DMcrtptton 


BCflM 


57., 


(30793] 
1 


20  905. 


(Piece 


of  pecking  rlnc  rtempert  19,  from  engine 


of  pecking  ring,  it— fed  No.  39,  from 
engine    using    superiieeled    eteem.   Sootth 


6oesj 

10  183 

10  79aAvia«e993S. 


59.. 
60.. 


62., 


22  905^ 

114  «• 
rUQ12 
[30  427 
'16  918 
21610 

uasi 


63. 


fPiece  et 


Avenge  18  921.. 


Avenge  20  719. 


Aivenge  16  593. 


No.  47, 


Piece  et  pecking  ring,  ftmfed  No.  16»  from  en- 
gine using  sstnrated  steepi.   Conunon  iron. 
rPlece  of  pedUng  ring,  stamped  No.  25,  from  en- 
1   gine  nsing  satnnted  steem.   Common  iron. 
fPiece  et  pecking  ring,  stamped  No.  27,  from 

Common 


' 


Avenge  6718. 


Piece  et  pecking  ring,  stamped  No.  55, 


15  5761 

15  943UNnnge  12 
6882) 


484. 


et  pecking  ring, 
engine  nsing  supedieoted 


No.  33,  from 


64  60, 


70-75,1 
76-81,  Inciaslve.. 
8»-«7»lnchisife.. 
88^03,  iBslnsive.. 
94-99,  inclnslve.. 


100-188» 
104-109, 
110-113, 
114-117, 
11»-121, 


12»-127,  inctasive. 


128-131,  indnslte. 


piece 
1   engii 

Sii  untested  sitiitiatlen  Imis  et  peddng-ring 


D.. 
C. 
A.. 
A.. 
B.. 


Sii  chiU-teet  blodcs  of  paekkig-ring  iron. 

Sii  untested  sitrttistlen  Imis  el  pecking-dng  inn. 

Do. 
Sii  dim-test  Mocks  et  pecking-ring  iron. 
Sii  untested  art>itmtion  Imis  of  paekkig-ring 


Four  diiU-test  Mocks  et  packing-ring  iron. 
Sii  untested  ari>itntioa  Imis  of  padUng-ring  iron. 
Veur  diill-lesi  blodcs  et  padUng-ring  iron. 
Pour  pieces  from  peddng  ring  from  engine  2503. 

2918, 


I.. 


32  000 

N«fwitt8«floe.. 


Sii  pieees  et  pecking-ring  Ino,  engine  2943,  pes- 
senrlce^  using  sopiriieeted  steam. 

arbitntion  test  Imis  of  pecking- 
ring  inn. 


n.  PRBVIOUS  WORK 

This  Bureau  thought  it  desirable  to  study  the  previous  work 
upon  this  subject,  and  to  that  end  made  a  survey  of  the  literature. 
The  U.  S.  Railroad  Administration  furnished  the  Bureau  with 
the  results  of  mechanical  tests  and  chemical  analyses  of  a  number 
of  melts  of  air-furnace  iron  (foundry  A)  and  also  with  consider- 
able interesting  information  on  the  foundry  practice  of  several 
of  the  makers  whose  products  were  tested  in  this  investigation 
and  on  the  service-mileage  records  of  packing  rings. 
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1.  RSVIBW  OF  UTBRATURS 

The  most  noteworthy  contributions  to  this  subject  are  in  the 
Proceedings  of  the  American  Railway  Master  Mechanics'  Asso- 
ciation, now  the  mechanical  section  of  the  American  Railroad 
Association.  Their  original  specification,  adopted  in  1906,  re- 
quired the  chemical  composition  to  be  within  the  following  limits: 
Graphitic  carbon,  2.75  to  3.25  per  cent;  combined  carbon, 
0.50  to  0.70  per  cent;  silicon,  1.25  to  1.60  per  cent;  sulphur, 
0.06  to  o.io  per  cent;  phosphorus,  0.50  to  0.80  per  cent;  man- 
ganese, 0.30  to  0.60  per  cent.  The  mechanical  requirements  of 
the  same  specification  were  a  minimum  tensile  strength  of  25  000 
pounds  per  square  inch,  a  minimum  transverse  breaking  load  of 
3000  potmds,  and  a  minimum  deflection  of  o.io  inch  on  the 
standard  i>^-inch  arbitration  bar  of  the  American  Society  for 
Testing  Materials. 

The  above  specifications  have  undeigone  several  revisions,  until 
their  present  mechanical  and  chemicsd  requirements  are  as  indi- 
cated in  Table  2.  In  the  more  recent  specifications  the  composi- 
tion of  the  iron  is  for  the  most  part  left  to  the  f oundrsrman,  as 
greater  dependence  is  placed  upon  the  results  of  the  transverse 
test.    A  stronger  iron  is  required  than  in  the  earlier  da3rs. 

TABLB  2.— Chemical  and  Mechanical  Characteristics  of  Cast  Iron  for  Cjliader 

Parts 

[1918  SpeciflciUloiit,  American  Railway  Maater  Mechanka'  AaaodaHon] 

Cbioilcal  nQoJmiiaiiti: 

Phaapiiania,jn«itmam .«.pifiiat..    afO 

SwIrtHTj «w»*«^ifm ....*...#do. .  ,     .12 

Tfanavtiae  tatii,  lyi-batik  roaad  bar,  12-iiicli  titppofti: 

8ti«iiftti(cMttiifa  Hindi  or  lMafldA),flilniDiitm poimdt..    S200 

Stramtti (caaUngi vnz H  toch Ujkk), mlnhnnm «.«da.*..    SSOO 

Dailacttoa  (both  oaaea),  minimttin Inch 09 

Chfll  fai  IK  by  2  faich  block: 

VoccaitfaifBHhicharlaaattilik,mfaifanttai , da....      ^ 

rorcaaUngaovarHhichthkk da....      ^ 

In  1916  a  committee  of  the  American  Railway  Master  Mechan- 
ics' Association  ^  appointed  to  investigate  cast  iron  for  cylinder 
parts  reported  in  part  as  follows: 

That  gun  iron  (air-himace  iron)  is  generally  oonaidered  to  be  efficient,  eoanomical, 
and  for  these  reasons  desirable,  can  not  be  doubted,  considering  the  fact  that  80  per 
cent  of  the  roads  reporting  are  using  this  product  in  their  superheater  locomotives 
for  some  of  the  parts  mentioned;  therefore,  the  committee  does  not  hesitate  to  recom- 
mend its  U9e  for  piston-valve  bushings,  pia(ton-valve  packing  rings,  and  piMons  or 
piston  boll  rings. 

1  Pioe.  Am.  Railway  Master  Hechanks  Aaioc.,  4S,  p.  •34;  if  16. 
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Moldenke  ^  offers  the  following  explanation  of  the  origin  of  the 
tenn  "gun  iron": 

This  is  essentially  an  air-furnace  iron,  and,  having  been  put  into  cast-inm  guns 
from  the  earliest  times,  has  retained  that  appellation.  At  present  this  grade  of  metal 
is  used  for  the  most  important  classes  of  work,  and,  being  expensive  to  produce,  only 
the  best  of  pig  irons  enter  into  it  as  a  rule. 

With  regard  to  cast  iron  for  locomotive  cylinders,  Moldenke  • 
remarks: 

For  the  latest  type  <^  compound  engines  operated  with  superheated  steam  at  very 
high  temperatures  only  the  very  best  <^  irons  should  be  used,  and  preferably  melted 
in  the  air  furnace.  The  metal  must  be  strong  and  sound,  as  otherwise  leaks  develop, 
tdiidi  cause  loss  of  power  to  a  serious  extent.  Moreover,  the  iron  is  under  very  high 
temperatures  and,  unless  low  in  graphite,  will  give  serious  trouble  from  "growing. " 

Hurst*  has  published  an  interesting  paper,  which,  however, 
deals  mostly  with  cast  iron  for  cylinders  and  pistons  for  internal 
combustion  engines,  where  the  temperatures  are  considerably 
higher  than  in  superheated  steam  locomotive  cylinders. 

2.  DATA  FURJflSHBD  BT  U.  S.  RAILROAD  ADMINISTRATIOn 

(a)  Foundry  Practice.— The  U.  S.  Raikoad  Administration 
advised  this  Btu'eau  that  of  the  nine  foundries  supplying  material 
for  this  investigation,  A  is  the  only  maker  which  used  the  air  fur- 
nace; all  others  use  the  cupola  process,  as  far  as  could  be  ascer- 
tained. 

The  cupola  is  a  vertical-shaft  furnace  lined  with  refractory  mate- 
rial; an  opening  is  provided  in  the  side  of  the  furnace  near  the 
top  for  charging  fuel  and  iron.  An  air  blast  is  introduced  near 
the  bottom,  where  the  molten  metal  is  tapped.  In  this  process  of 
manufacture  the  iron  is  in  intimate  contact  with  the  fuel  and 
absorbs  from  it  such  objectionable  impurities  as  sulphur.  The  air 
furnace,  on  the  other  hand,  is  of  the  reverberatory  t3rpe,  and  the 
fire  is  at  one  end  and  the  chimney  at  the  other  end  of  the  hearth. 
The  flame  sweeps  across  the  furnace  and  furnishes  the  heat  neces- 
sary to  melt  the  metal.  It  is  obvious  that  the  iron  and  fuel  are 
not  in  as  close  contact  as  in  the  cupola.  Other  methods  of  melt- 
ing in  use  by  the  gray-iron  foimdry  are  the  crucible,  the  open- 
hearth,  and  the  electric  furnace.  As  no  very  considerable  percent- 
age of  gray-iron  castings  are  made  by  any  of  these  processes,  they 
are  not  described  in  this  paper.  The  electric  furnace,  however,  is 
rapidly  coming  to  the  foregroimd  in  the  iron  foundry. 

»  Ridutfd  Mftldenkf ,  Pxindples  oC  Iroo  Poundmc.  p.  191;  1917.    McGiaw  Hill  Book  Co. 
■  Pxindples  of  Iron  Pounding,  p.  193;  19x7* 

<  J.  B.  Hunt,  Growth  of  Cast  Iron  by  Repeated  Heating,  Proc.  Staffordshire  Iron  and  Sted  Inst.,  St, 
pp.  a6-S4;  X9x8.    Also.  Poundry,  46,  pp.  937-339;  19x8. 
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Manufacturer  A,  who,  as  previously  stated,  uses  the  air  furnace, 
claims  that  no  steel  or  ferroalloys  are  added  for  the  purpose  of 
furnishing  strength  and  that  no  difiSculty  is  experienced  in  obtain- 
ing a  transverse  strength  of  arbitration  bar  of  4000  pounds,  or  a 
tensile  strength  of  32  000  pounds  per  square  inch;  also  that  the 
sulphur  content  seldom  exceeds  0.06  per  cent.  Foundry  C  states 
that  his  practice  is  to  add  2  per  cent  of  an  80  per  cent  f  errosilicon 
to  approximately  4000  pounds  of  metal,  also  claiming  that  great 
care  should  be  exercised  in  skimming  and  gating  when  pouring 
packing  rings  and  bushings.  Manufacturer  D,  who  states  that  he 
uses  15  per  cent  of  sted  scrap  in  the  cupola,  furnishes  the  following 
additional  information: 

Cylinder  and  yalve  rings  are  made  in  Uie  form  of  pot  castings  in  green-sand  molds. 
Piston-valve  bushings  are  alao  cast  in  grecn-sand  molds,  sod  the  steam  ports  are  cored 
with  the  admission  and  the  exhaust  ports  both  on  one  core,  and  the  mold  is  poured  at 
the  center.  The  cylinder  bushings  are  cast  on  end  with  dry-sand  molds,  and  the  pour- 
ing of  metal  is  done  as  rapidly  as  possible;  the  bushings  are  cast  without  steam  ports. 

(6)  Tbsts  Madb  by  U.  S.  Railroad  Administration. — One  of 
the  railroad  inspectors  tested  samples  from  23  casts  of  air-ftunace 
iron  made  between  July  15,  1918,  and  March  10,  1919,  with  the 
results  shown  in  Table  3. 

TABLB  3.-aM«it8  of  Air^Vanace  hm  Taste  by  U.  S.  Riilrwid  IdaiUatraliaii 


U^,.„a^ 

Af«it«  . 

!(«.»» 

Hi-— 

12-tock  taMMti- 

TiMMvmt  modalM  •!  raflara  •!  ttUtntiM  hu,  ftoadi  ptr 
ff^tianliidi 

4300 
67  300 

.m 

33  400 

3.23 
2.3t 

.84 
1.26 
.0$2 
.39 
.40 

409 

77  200 

.144 
33  000 
3.50 
2.73 
1.02 
1.57 
.100 
.49 
.52 

56  000 

FM^tTtfifBi  todi s.^ 

27  000 

Total  cartmi,  ptr  cent 

2.84 

Afgyltlfl^  CflfftOflt  Mff  CtOt 

1.94 

Cimitfliiitl  ciftmit  DW  ctot 

39 

ffflfftn,  ptr  cent 

.95 

Salphvr,  ptr  cwl. 

.096 

rtiwhiniit  irtr  cent 

.30 

26 

In  these  heats  the  strength  of  arbitration  bar  was  below  4000 
potmds  in  only  two  instances  (3583  and  3720  pounds),  and  the  sul- 
phur content  only  twice  exceeded  0.06  per  cent  (0.062  and  o.ioo 
percent). 

Several  of  the  railroads  made  service  tests  of  packing  rings, 
and  these  records,  together  with  the  samples,  were  kindly  furnished 
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to  the  Bureau  through  the  U.  S.  Raihoad  Administratioii.  At 
this  point  it  would,  perhaps,  be  desirable  to  emphasize  the  fact 
that  many  other  factors  b^des  the  quality  of  the  iron  have  con- 
siderable bearing  upon  the  results  of  these  tests;  such  factors  are 
design,  lubrication,  method  of  handh'ng  locomotive,  level  or  hilly 
country,  good  and  bad  water  districts,  etc.  As  a  consequence, 
these  facts  are  to  be  borne  in  mind  in  endeavoring  to  establish  a 
coirelation  between  laboratory  and  service  tests. 

QL  mVBSTIGATION  AT  BUREAU  OF  STANDARDS 
1.  MBCHAinCAL  TESTS 

The  mechanical  tests  made  at  the  Bureau  of  Standards  consisted 
of  transverse,  tension,  hardness,  and  fracture  of  chill-test  speci- 
mens furnished  by  the  U.  S.  Railroad  Administration. 

(a)  TransvbrsB  Tests. — Arbitration  Bars. — ^Thirty-fom-  arbi- 
tration bars,  ordered  made  in  accordance  with  the  American 
Society  for  Testing  Materials  standards,  from  six  different  manu- 
facturers, were  tested  (Tables  4  and  5).  The  foundries  were  A, 
H,  B,  C,  I,  and  D,  the  preceding  order  indicating  the  quality,  the 
first-named  being  the  highest  in  transverse  strength  in  terms  of 
the  modulus  of  rupture  in  pounds  per  square  inch.  The  bars 
from  H  showed  a  tugher  transverse  breaking  load  fai  poimds  than 
those  from  A,  but,  when  the  variation  in  diameter  of  bar  is  taken 
into  consideration,  the  latter  is  found  to  be  the  stronger  materiaL 
The  bars  from  foundries  C  and  D  were  unfortunately  machined 
before  testing,  and,  as  a  consequence,  the  average  strength  of 
the  bar  is  decreased  because  of  the  absence  of  skin  hardness.  The 
iron  from  both  sources,  however,  was  of  low  strength,  which  fact 
was  amply  demonstrated  by  subsequent  tests.  The  iron  from 
foundry  I  was  irr^;ular  in  quality,  while  that  from  D  and  H  was 
spongy. 

TABLB  4.— Tkinsrene  Tests  of  Unmschined  ArbitntiMi  Bsn 


[Spm2-iiicii,eeiilnll 

lytitaMllMMl] 

N*. 

ICami- 
fMlnrar 

DtaiMter 

B^g.. 

Modnlnt 
ilravture 

ociwmiu 

82 

A 

IndMt 
1.23 
1.22 
1.23 
L22 
1.22 
L23 

FMmdi 
3836 

mm 

4000 
4220 
4414 
4116 

63  000 
65  600 
67  000 
71  000 
74  200 
60  000 

loch 
OillT 

81 

A 

A. 

.UO 

84 

.122 

85 

A. 

.136 

86 

A. 

.132 

^      

A« 

.132 

♦ 

Af«nfe 

L23 

4094 

68  100 

.125 
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II 


No. 

Mano- 

lactnrar 

Diameter 

Breakiiii 
told 

Modttlut 
ointptnie 

deflecttOQ 

94 

B 

Inches 
1.25 
L27 
1.25 
1.25 
1.27 
1.25 

Peaads 
3600 

4280 
4210 
3906 

4160 
3480 

LlM./ln.« 
56  300 

63  900 
65  800 
62  300 
62  000 
54  400 

Ineb 

aua 

95 

B 

.138 

96 

B 

.137 

97           

B 

.119 

91 

B 

.124 

99 

B 

.095 

Afflnm 

1.26 

3953 

60  800 

.119 

H 

104 

1.28 
L29 
L27 
1.26 
1.27 
1.31 

4320 
4320 
4860 

4250 
4360 
4430 

63  000 
61500 

63  600 

64  900 

65  100 
60  280 

.099 

105 

H 

.104 

105 

H 

.111 

197 

H 

.110 

199        

H 

.115 

199,_ 

H 

.102 

Avtm*. 

1.28 

4323 

63  100 

.108 

1 

128 

1.25 
1.27 
1.26 
1.27 

4140 
2500 
3600 

3160 

64  800 
37  300 
55  000 

47  100 

.125 

129 

1 

.075 

130 

1 

.104 

131 , 

I 

.097 

Avwagt 

1.26 

3325 

51  100 

.100 

TABiB  5.— TruiiTerse  Tatts  of  Machined  A^bitntion  Ban 

lapun  I24ath,  oentrally  appiltd  load] 


He. 

ICasn- 
fadarer 

Craaaaecttoi 

BreaUng 
toUP 

Modnhts 

Width 

Height 

oiniftiire 

64 

D 

Inch 
a865 
.875 
.856 
.857 
.864 
.854 

Inch 
a860 
.873 
.865 
.858 
.860 
.859 

Peondt 

1604 
1714 
1580 
1590 
1794 
1630 

LbaTfai.* 
45  100 

65 

D 

46  200 

66. 

D 

44  400 

67 : 

D 

44  700 

18. 

D 

50  800 

19 

D 

46  600 

Aviiage... -- 

.862 

.862 

1652 

46  300 

c 

76 

.854 

.852 
.854 
.853 

.852 
.863 

.851 
.853 
.854 
.852 
.852 
'    .850 

1850 
1565 
1864 
1880 
1830 
1650 

53  800 

77 

c 

45  500 

78- 

c 

53  800 

79 

c 

52  900 

80. 

c 

53  200 

81 

C 

47  600 

Aviiage 

.855 

.852 

1763 

51  100 

Packing  Rings. — ^When  the  packings  rings  wifere  sufficiently  large 
in  size,  specknens  for  smaEL  transverse  tests  w^e  machined  from 
them,  as  indicated  in  Fig.  i.  The  reader  is  referred  to  Table  6 
for  the  results  of  the  tests,  together  with  the  service  records. 
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It  is  not  to  be  expected  that  these  results  will  be  similar  to  those 
on  immachined  arbitration  bars,  because  of  the  absence  of  skin  or 
surface  hardness.  The  rings  from  manufacturer  A,  which  gave 
fairly  good  servicCj^  had  a  transverse  strength  of  48  900  pounds 
per  square  inch;  B,  47  400  pounds  per  square  inch;  C,  46800 


Pio.  I. — Method  of  cutting  small  transverse  test  pieces  from  packing  ring 

poimds  per  square  inch;  and  D,  40  600  pounds  per  square  inch. 
It  is  apparent  from  these  tests  tiiat  the  transverse  strength  of 
the  ring  from  foimdry  B,  which  gave  the  excellent  service  record 
of  93  000  miles,  was  not  exceptional. 

TABLE  6.— Transversa  Tests  of  Packing  Ring9 
(8p«n  4  InclMi,  enknXtf  applltd  lotd] 


No. 

MttMitee. 
tvrar 

CfOMMctitn 

Ifodttltttol 
nipliirt 

Ifastmnm 
dtfliMilim 

ServlM 

Width 

Ktlglil 

focord 

42 

i> 

latk 

0.311 
.308 

iBCh 

0.309 
.309 

41200 
40  000 

0.070 
.073 

MUM 
17  504 

49 

D 

17  504 

Aftrago 

40  600 

c 

44.. 

.304 
.313 
.304 
.306 

.313 
.314 
.313 

.307 
.307 
.305 
.306 
.312 
.313 
.308 

45  300 

44  400 
S3  500 

44  600 

45  300 
42  900 
51  800 

.085 
.073 
.072 
.071 
.074 
.071 
.068 

44 

C 

45 

C 

c 

45 

46 

c 

46 

C 

47 

c 

Avtraf* 

46  000 

Ji 

4t.. 

.297 
.312 
.313 

.312 
.306 
.308 

50  000 
50  300 
46  500 

.092 
.074 
.077 

28  968 

4i 

A.  .. 

28  988 

49 

A 

28  988 

Aimam 

48  900 

B 

2... 

.298 
.287 
.276 

.302 
.292 
.312 

46  200 

47  100 

48  900 

.071 
.073 
.070 

93  000 

24 

B 

93  000 

56 

B 

20  905 

AHng9 

47  400 

(6)  Tension  Tests. — ArbitraHon  Bars. — ^After  breaking  the 
arbitration  bars  in  the  transverse  tests  the  farcdcen  pieces  were  used 
to  determine  the  tensile  strength  of  the  material.  The  results  of 
the  tests  of  the  products  of  six  of  the  foundries  are  summarized 
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in  Table  7.  The  iron  from  A,  as  in  practically  all  of  the  tests, 
showed  some  slight  superiority,  with  an  average  tensile  strength 
of  34  600  pomids  per  square  inch.  The  others  in  order  of  de- 
creasing strength  were  B,  33  500  pounds  per  square  inch;  I, 
32  050  pounds  per  square  inch;  H,  30  700  pounds  per  square 
inch;  D,  25  750  pounds  per  square  inch;  and  C,  25  050  pounds 
per  square  inch. 

TABLE  7.— TensiMi  Tatts  of  Arbitntloa  Bus 


V. 

Masnfic- 

DtaaMter 

ZSlSH 

N«. 

Masiifie- 

DItmtter 

Ttntfto 

t2 

A 

A 

ladi 

asos 

.503 

Lta./kM 
33  300 
35  900 

94 

B 

B 

ladi 

a505 
.502 

32  900 

34  100 

U - 

97 

Avtngt. . . . 

lii. 

100. 

128.. 
120. 
130. 
131. 

AftngVi.. 

.S05 

34  600 

.503 

33  500 

D 

D 

H 

H 

64.. 

.301 
.505 

24  300 
27  200 

'.503 
.503 

30  600 
30  000 

» 

Afimt 

AvtfiM... 

.503 

25  750 

.503 

30  700 

C 

C 

Av«ra§t. .  ■ 

1 

I 

I 

I 

».. 

.305 
.505 

26  200 
23  900 

.503 
.505 

.505 
.503 

34  600 
30  600 

» 

AftfMt.... 

.505 

25  050 

32*100 

30  900 

.504 

32  050 

Packing  Rings. — ^Tension  tests  were  made  from  packing  rings 
ftunished  by  fotmdries  A,  B,  F,  and  G,  and  the  results,  together 
with  service  records,  are  to  be  fotmd  in  Table  8.  The  ring  from 
fotmdry  B,  which  gave  excellent  service,  also  had  the  highest 
tensile  strength;  namely,  25  450  pounds  per  square  inch.  The 
other  rings,  all  of  which  gave  poor  results  in  the  service  tests, 
were  likewise  inferior  in  tensile  strength.  From  these  tests,  at 
least,  there  appears  to  be  some  more  or  less  definite  relation 
between  laboratory  and  service  tests. 

TABLE  8.— Tensioii  Tatts  of  Pftddng  Rinfa 


No. 

MMMitee- 
turcr 

DtaaMter 

Tenttto 
Krenith 

Otfiflco 
FMord 

5     

B 

Inch 
0.293 
.300 
.299 

LlM./llLt 
27  500 
23  400 
25  500 

93  000 

7 

B 

93  000 

iS.. 

B 

93  000 

AVMACA 

25  450 

J 

S7.. 

.505 
.505 

10  500 

18  500 

5253 

«::::::: 

w 

9935 

AVM^ 

10  500 

0 

tt.. 

.505 
.501 

21900 
16  700 

6718 

0 

A 

12  484 
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(c)  BrinEU.  Hasjdness  Tests. — Arbitration  bars. — Brinell  hard- 
ness tests,  using  a  lo  mm  baU  with  a  pressure  of  3000  kg,  sus- 
tained for  30  seconds,  were  made  on  flat,  longitudinal  sections  of 
the  arbitration  bars.  Approximately  on^-fourth  of  an  inch  of 
material  was  removed  by  the  shaper  to  obtain  a  surface  for  the 
Brinell  tests.  In  Table  9  it  will  be  seen  that  the  iron  from  A 
was  hardest,  with  a  Brinell  hardness  numeral  of  213,  H  and  I 
next,  each  with  a  hardness  of  211,  and  tiiat  C  was  softest,  with  a 
Brinell  hardness  numeral  of  203.  As  there  is  a  variation  of 
only  10  points  from  the  maximum  to  minimum  hardness,  it  is 
concluded  that,  in  view  of  the  widely  varying  quality  of  the 
irons  as  indicated  by  other  tests,  the  Brinell  test  does  not  satis^ 
factorily  measure  the  quality  of  iron  for  cylinder  parts. 

TABLE  9.— Kinell  Hardnass  of  Arbitnition  Bars 

[3000 14  pranure  tor  30  Mooodt,  10  mm  bidl] 


N«. 

BfinftD 
en]s« 

No. 

54         

D 

206 
192 
207 
S04 
207 
216 

94.. 
95.. 
96. 
97.. 
98. 
99.. 

104.. 
105.. 
106.. 
108.. 
108.. 
109.. 

128.. 
129.. 
130.. 
131.. 

B 

207 

^ 

D 

B 

2U 

55            

D 

B 

207 

^7            

D 

B 

208 

228 

^ 

D 

B 

M 

D 

B 

197 

A?tn(9 

Avengt 

205 

aoi 

c 

H 

76  . 

206 
192 
206 
206 
205 
204 

214 

77              

c 

H 

218 

78      

c 

H 

218 

79 

C 

H 

289 

80         .     ........... 

c 

H 

2U 

81 

c 

H 

212 

j^venft 

A?  tnifo 

203 

204 
216 
213 
212 
209 
226 

211 

82  . 

A 

I 

210 

83 

A 

I. 

207 

84                       ...  . 

A 

I 

21f 
210 

85 

A 

I 

85 

A 

Aveiagt 

A 

218 

v/.. 

ATtngv 

213 

» A7ermge  of  3  detenninfttioiu. 
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(3000  kg  prMwre  tor  30  Mooodt»  10  mm  ten] 

No. 

Mano- 
tMturer 

Bitoin 
htfdiMM 

SifVlC6 

ncoffu 

No. 

Mami. 

tocturer 

Bftaon 
hirdnMi 
muMftl 

Oonfico 

lOCOfd 

1 

B 

B....... 

B 

B 

B 

175 
163 
165 
166 
167 

MUM 

93  000 

93  000 
93  000 
93  000 

20  905 

42 

D 

D.. 

133 
160 

MUM 
17  504 

5 

43 

17  504 

9 

Af«H» 

13 

147 

56 

51 

X 

F 

J 

F 

146 

1516 

Af«f» 

167 

57 

141 
159 
166 

5253 

27 

C 

C 

C 

C 

C 

1B6 
159 
160 
163 
137 

58 

9935 

44 

59 

18  921 

4$ 

155 

46.. 

Afwago 

(0 

0 

0 

0 

47 -  -- 

171 
183 
177 

20  719 

1«593 

6718 

Avecago 

180 

01 

62 

36.. 

A 

A 

A 

A 

A. 

A 

A 

A 

175 
153 
155 
180 
170 
179 
161 
170 

177 

37 

114-117,  Inelartf*... 
118-121,  inelailvo... 
123-127.  laclmA*^.. 

Avecafo 

I 

I 

I 

38 

172 
158 
174 

10  000 

39 

12  000 
32  000 

40 

4% 

28  988 
28  988 

Am 

168 

49 

Aftrago 

168 

Packing  Rings,  Bushings,  and  Similar  Parts. — The  Brinell  hard- 
ness tests  of  packing  rings,  bushings,  etc.  (Table  10),  indicate  that 
the  castings  themselves  are  considerably  softer  than  the  arbitra- 
tion bars.  This  is  undoubtedly  due  to  the  fact  that  the  slower 
rate  of  cooling  of  the  former  results  in  a  higher  graphitic  carbon 
content.  This  is  particularly  true  of  some  of  the  samples  from 
fotmdry  A,  which  were  cylinder  bushings,  having  a  considerably 
larger  cross-sectional  area  than  packing  rings. 

(d)  Chux  Tests. — Chill-test  specimens  were  received  from  four 
foundries.  Fotmdries  A  and  H  used  the  standard  chill-test 
specimen  of  the  American  Society  for  Testing  Materials,  while  B 
and  D  used  specimens  not  standard  in  size.  Details  are  shown  in 
the  drawings  in  Fig.  2.  The  specimens  were  broken  at  the  Bureau 
of  Standards,  four  to  six  samples  of  the  product  of  each  fotmdry 
having  been  submitted.  The  iron  from  makers  A  and  D  showed 
an  average  depth  of  chill  of  one-half  an  inch,  and  that  from  B  and 
H  had  a  chill  of  approximately  one-fourth  of  an  inch. 
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2.  CHBUCAL  COMPOSITION 

(a)  Arbitration  Bars. — Chemical  analyses  were  made  of  one 
of  each  of  the  arbitration  bars  (Table  1 1)  from  each  of  six  foundries, 
except  in  the  case  of  I,  where  two  bars  were  analyzed  because  of 


ikh. 


,     «iB>> 


MMBfaeturnr  *D*  tp«eiB«tte  70»76  Inelveiv* 
it*iii. 


jjsk: 


Keimfaeturer  *A*  tp«ei»«at  ea*M  ImIimIv* 
Mewifltetttrnr  *^  tpMlMat  110-118  iaol«tlv« 


SSI 


m: 


.ItoMfnaUrflr  *!**  tpMtetnt  100-108  ImImI^ 

9io.  2. ^Dimensions  of  ihrst  types  of  chiU-test  specimens  from  vanous  mamfaetwer* 

the  widely  varying  mechanical  properties,  as  shown  in  Table  4. 
The  poor  quality  of  the  iron  in  specimen  No.  129  (foimdry  I)  is 
attributable  4o  its  high  silicon  content. 

TABLE  11.— Chomictl  Composition  of  Arbitration  Ban 


Mttia- 
fecturer 

Carbon 

Silicon 

Sn^nr 

Phoe- 
Vhente 

Bfu. 
ganee« 

Ho. 

Tetel 

Gfaph. 

Com- 
bined 

C4 .  ... 

D 

C 

A 

B 

H 

I 

Percent 
3.36 
3.36 

3.30 
3.30 
3.32 
3.36 
3.31 

Percent 
2.55 
2.40 
2.39 
2.50 
2.42 
2L37 
2.66 

Percent 

0.81 
.96 
.91 
.80 
.90 
.89 
.65 

Percent 
1.42 
1.33 
1.13 
1.36 
L03 

too 

L47 

Percent 
0.093 
.167 
.051 
.124 
.137 
.161 
.132 

Percent 

0.48 

.56 

.51 
.37 
.52 
.38 
.50 

Percent 

a  61 

39 

77 

84 

36 

94 

.90 

106 

.54 

128 

.63 

129 

I 

.53 
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The  various  bars  were  qtrite  uniform  in  total,  graphitic,  and 
combined  carbon  content.  The  silicon  and  sulphin-  contents, 
however,  varied  within  rather  wide  limits,  the  former  from  i  per 
cent  to  1.47  per  cent  (both  samples  from  I)  and  the  latter  from 
0.051  per  cent  (A)  to  0.167  P^  ^^^^^  (Q-  The  iron  from  manu- 
facturer B  was  the  lowest  in  phosphorus  content,  with  0.37  per 
cent,  and  th^t  from  C  was  highest,  with  0.56  per  cent.  Manganese 
varied  from  0.36  per  cent  in  the  product  from  A  to  0.90  per  cent 
in  the  material  from  foimdry  B. 

It  is  generally  recognized  that  there  should  be  at  least  three 
times  the  percentage  of  manganese  as  sulphtu*  present;  otherwise, 
sulphtu-  will  combine  with  iron  instead  of  manganese,  and  brittle 
material  will  result.  It  will  be  observed  that  in  the  iron  from  C 
there  is  approximately  only  twice  as  much  manganese  as  sulphur 
present.  This  condition,  together  with  the  high  combined  carbon 
content,  accounts,  in  all  probability,  for  the  poor  showing  of  this 
iron  in  the  mechanical  tests  (Tables  5  and  7). 

(6)  Packing  Rings,  Bushings,  and  Similar  Parts. — In 
general  (Table  12),  the  silicon,  and  naturally  the  graphitic  carbon, 
is  higher  in  the  packing  rings,  bushings,  and  similar  castings  than 
in  the  arbitration  bars.  The  ring  from  B,  which  gave  93  000 
miles  in  service,  showed  no  tmusual  characteristics  in  chemical 
composition.  The  rings  from  foundry  C  were  high  in  phosphorus 
and  sulphur,  as  in  the  case  of  the  arbitration  bars.  The  castings 
from  B  were  low  in  sulphur,  and  the  ring  which  had  a  service 
record  of  28  988  miles  was  rather  low  in  combined  carbon  content. 
D's  rings  were  high  in  sulphtu*  and  graphitic  carbon.  The  latter 
condition  (high  graphitic  carbon),  of  course  makes  too  soft  a  ring 
for  prolonged  wear.  The  locomotive  packing  ring  from  fotmdry  Et 
which  gave  a  service  of  only  1516  miles,  was  very  high  in  silicon 
(2.84  per  cent),  and  consequently  low  in  combined  carbon  (0.33 
per  cent).  The  rings  from  I  (32  000  miles  of  service)  were  fairly 
low  in  graphitic  carbon  content. 
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TABLE  12.~Clieiiiictl  Composition  of  Pftddng  Ringjiy  BvuO^ing^  Etc 


No. 


iMtnier 


CartMo 


Total 


Orapli. 


billed 


Sol- 


Phoo- 
phonto 


1 

C 

C 

C 

C 

A 

A 

A 

A 

A 

A 

A 

A 

A 

D 

D 

B 

» 

» 

O 

5 

7 

IS 

56 

27 

44 

4S 

47 

29 

36 

ST 

38 

39 

40 

41^ 

48 

63 

42 

43 

SO 

57 

58 

62 

116 

117 

118 * 

m 

122 

lis 

Perct 
3.46 
3.39 

a53 

3.43 
3.06 

3.36 
3.57 
3.45 
3.44 

3.33 
3.24 
3.37 
3.31 
3.24 
3.31 
3.28 
3.46 
3.51 

3.47 

aso 

3.34 

3.40 
3.34 

3.47 

3.22 
3.11 
3.16 
3.29 
3.35 
3.31 


Perct 

2.79 
2.80 
2.91 
2.69 
2.67 

2.42 
2.88 

2.84 

2.87 

2.42 
2.40 
2.75 
2.90 
2.65 
2.56 
2.55 
2.91 
2.84 

3.12 
3.10 

3.01 

2.74 
2.73 

2.68 

2.53 
2.54 
2.54 
2.53 

2.57 
2.76 


Ptrct 

0.67 
.59 
.62 
.74 
.41 

.94 
.69 
.61 
.57 

.91 
.84 
.62 
.41 
.59 
.75 

.ts 

.55 

.67 

.35 
.40 


Ptrct 

1.68 
1.67 
1.67 
1.69 
L70 

L47 
1.51 
1.95 
1.46 

La 
1.06 
1.24 
1.50 
1.21 
.85 
.87 
1.52 
1.40 

1.83 
1.94 

2.84 

1.58 
2.14 

L33 

1.83 
1.78 
L22 
1.25 
1.96 
L95 


Ptrct 

0.120 
.140 
.150 
.130 
.124 

.190 
.130 
.130 
.136 

.060 

.071 

.068. 

.068 

.150 

.055 

.062 

.062 

.102 

.151 
.165 

.068 

.117 
.119 

.106 

.112 
.116 
.140 
.140 
.087 
.091 


Perct 
a260 
.260 
.250 
.250 
.825 

.310 
.601 
.582 

.639 

.250 
.220 
.260 
.230 
.220 
.220 
.210 
.502 
.440 

.668 


.675 

.410 
.855 

.380 

.670 
.670 
.360 
.370 
.740 
.760 


Perct 
0.56 
.57 
.57 
.58 
.43 

.42 
.51 
.51 
.56 

.38 

.34 
.28 
.54 
.45 
.40 
.61 
.45 
.88 

.56 
.55 

.55 

.35 
.32 

.42 

.34 
.34 
.52 
.52 

.44 
.43 


93  000 
93  000 

93  000 
93  000 
20  905 


28  988 
12  484 

17  504 
17  501 

1516 

5253 
9935 

671$ 

10  000 
10  000 
12  000 
12  000 
32  000 
32  000 


3.  MBTALL06RAPHIC  EXAMINATIOK 

Specimens  from  packing  rings  made  by  B  (No.  5,  93  000  miles), 
A  (No.  48,  28  988  miles;  No.  63,  12  484  miles),  D  (No.  42,  17  504 
miles),  G  (No.  62,  6718  miles),  and  E  (No.  50,  1516  miles)  were 
examined  microscopically. 

The  samples  were  polished  and  examined  microscopically  both 
before  and  after  etching.  Heat  tinting  was  foimd  to  be  very 
suitable  for  revealing  the  irregularly  shaped  masses  of  phosphide 
eutectic  and  at  the  same  time  allowing  the  black  flakes  of  graphite 
to  stand  out  clearly.    Micrographs  were  taken  only  of  typical 
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Fig.  3. — Specimen  No.  5 
Manufacturer  "D"  (93  000  miles  service) .    Etched  with  a  per  cent  nitric  add.    Xzoo 


Fig.  4. — specimen  No.  50 
Manufacturer  "£"  (15x6  miles  service).    Etched  with  a  per  cent  nitric  acid.    Xzoo 
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Fig.  5. — Specimen  No.  42 
Manufacturer  "D"  (17  504  miles  service).    Heat  tinted.    X50 


Fig.  6. — Specimen  No,  42 
Manufacturer  "D"  (x?  504  miles  service).    Etched  with  a  per  cent  nitric  acid.     Xsoo 
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samples  selected  for  purposes  of  illustration.  Fifty  diameters 
magnification  was  used  to  show  the  size,  distribution,  and  amount 
of  graphite  flakes,  and  ioq  diameters  to  show  the  constitution  of 
the  matrix. 

Some  attempt  was  made  to  correlate  the  microstructure  with  the 
endurance  in  service,  but,  due  to  the  many  variable  factors,  it 
was  realized  that  any  very  close  comparisons  were  apt  to  be  mis- 
leading. The  inhomogeneity  of  cast  iron  made  it  somewhat 
doubtful  tiiat  the  small  sample  used  for  metallographic  examina- 
tion was  representative  q{  the  whole.  In  some  instances,  however, 
with  the  aid  of  the  principles  governing  the  constitution  of  gray 
cast  iron,  the  samples  cotdd  be  approximately  classified,  and  the 
service  records  bore  out  fairly  well  the  predictions  that  could  be 
made  of  mechanical  qualities  from  a  study  of  the  microstructure. 

In  Figs.  3  and  4  are  shown  samples  Nos.  5  and  50  after  etching 
with  2  per  cent  nitric  add.  Fig.  3  is  the  microstructure  of  the 
ring  which  gave  93  000  miles  of  service,  while  Fig.  4  shows  the 
ring  which  gave  only  1516  miles'  service.  The  difference  between 
them  is  striking.  In  Fig.  3  the  gray  areas  are  pearlitei  the  pure 
white  is  ferrite,  the  irr^^ular  speckled  masses  are  phosphide,  and 
the  large,  black  flakes  are  graphite.  In  Fig.  4  the  white  con-, 
stituent,  rather  large  in  amount,  is  ferrite,  the  gray  areas  forming 
the  easily  visible  network  are  pearlite,  the  irregular  lighter- 
colored  masses  are  phosphide,  and  the  small,  black  flakes  are 
graphite.  As  might  be  inferred  from  the  chemical  composition 
(No.  5, 0.59  per  cent  combined  carbon;  No.  50, 0.33  per  cent  com- 
bined carbon)  the  matrix  of  the  former  is  largely  pearlitic,  with 
very  littie  ferrite,  while  the  reverse  is  true  in  the  latter.  The  rate 
of  cooling  in  the  latter  sample  (No.  50)  was  the  more  rapid,  and 
thus  the  finely  divided  condition  of  the  graphite  is  to  be  explained. 
The  very  high  silicon  content  of  2.48  per  cent  accounts  for  the  high 
graphitic  carbon  content.  This  resulted  in  a  soft  iron,  which, 
together  with  the  physical  unsoundness  of  the  material  as  revealed 
by  microscopical  examination,  accotmted  for  the  poor  service 
record  of  1516  miles.  B's  ring,  on  the  other  hand,  while  higher  in 
combined  carbon  (pearlite)  and  lower  in  graphite  or  free  carbon, 
under  the  microscope  shows  no  explanation  for  the  extraordinarily 
long  service  obtained. 

The  microstructure  of  the  ring  from  D  (No.  42,  17  504  miles) 
is  shown  in  Figs.  5  and  6.  While  the  combined  carbon  content 
is  low  the  distribution  of  the  various  constituents  is  much  more 
uniform  than  in  Fig.  4.    The  ring,  however,  was  too  soft  to  give 
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good  wearing  qualities.  In  Fig.  7  is  shown  the  structure  of  A's 
ring,  sample  No.  48,  which  gave  28  988  miles  of  service.  It  does 
not  materially  differ  in  microstructure  from  the  other  rings  giving 
fair  service;  it  is,  in  fact,  as  indicated  by  Brinell  hardness  test 
and  chemical  composition,  somewhat  too  low  in  combined  carbon 
for  maximum  wear.  Fig.  8  shows  the  microstructure  of  a  ring 
made  by  G  (6718  miles).  The  distribution  of  the  graphite  is 
quite  uniform,  and  from  a  metallographic  point  of  view  it  is 
impossible  to  account  for  the  poor  results  reported  in  service. 

The  microscope  is  most  useful  in  determining  the  size,  amount, 
and  distribution  of  graphite  flakes,  amount  of  combined  carbon, 
and  to  some  extent  the  physical  soundness  of  the  castings. 

IV.  COMPARISON  OF  PROPERTIES  OF  AIR-FURNACE  AND 
CUPOLA  CAST  IRON 

From  a  study  of  the  data  given  in  the  various  tables  of  tests, 
it  will  be  observed  that  the  air-furnace  iron  is  somewhat  more 
uniform  in  character  and  of  generally  better  quality  than  cupola 
iron.  A  comparison  of  the  two  kinds  of  iron,  bearing  out  this 
conclusion,  and  which  was  computed  from  all  tests  of  arbitration 
bars  mentioned  in  this  paper,  is  given  in  Table  13. 

TABLB  13.— Properties  of  Air-Fonuice  Iron  and  of  Cibola  Cast  Iron 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions  are  drawn  and  recommendations  made  as  follows: 
I.  On  the  basis  of  tests  made  by  inspectors  of  the  U.  S.  Rail- 
road Administration  and  this  Btu'eau,  which  were  substantially  in 
agreement,  it  is  concluded  that  air  furnace  or  so-called  "  gun  iron  " 
is  more  uniform  in  character  and  on  the  average  of  somewhat 
better  mechanical  properties  than  cupola  iron.  The  latter,  how- 
ever, often  equals  or  even  excels  in  mechanical  properties  the 
^)ecimens  of  air-furnace  iron  tested  in  this  investigation.  The 
sulphur  content  of  the  air-furnace  irons  examined  seldom  exceeded 
0.06  per  cent,  while  the  cupola  irons  varied  in  sulphtu:  content 
from  o.io  to  0.17  per  cent 
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Fig.  7. — specimen  No.  48 
Manufacturer  "A"  (a8  988  miles  service).    Heat  tinted.    Xs© 


Fig.  S.^Specimen  No,  62 
Manufacturer  "G"  (67x8  miles  j^ervice).    Heat  tinted.    Xso 
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2.  The  findings  of  the  American  Railv^ay  Master  Mechanics' 
Association  with  respect  to  correlation  of  laboratory  and  service 
tests  are  confirmed  in  the  present  investigation.  It  was  impossi- 
ble, except  in  a  very  general  way  to  find  any  correlation  between 
the  quality  of  the  iron  as  developed  by  laboratory  tests  and  the 
mileage  obtained  in  service.  This  is  explained  by  the  fact  that 
many  other  factors  besides  the  quality  of  the  iron  enter  into 
consideration  in  the  service  results;  namely,  design,  lubrication, 
method  of  handling  the  locomotive,  topography  of  the  country, 
character  erf  water  used  in  locomotive,  etc.  The  ring  from 
foimdry  B,  which  gave  the  exceptionally  good  service  of  93  000 
miles,  showed  no  unusual  properties  in  laboratory  tests.  It  is 
for  the  reasons  cited  above  that  the  conclusions  and  recommen- 
dations of  this  paper  are  based  essentially  upon  the  results  of 
laboratory  tests. 

3.  The  present  specifications  of  the  American  Railway  Master 
Mechanics'  Association  are  somewhat  lax  in  the  requirements  for 
mechanical  properties.  It  is  recommended  that  the  transverse- 
strength  requirements  of  ij4-inch  arbitration  bar  be  increased 
from  3200  to  3500  pounds  for  castings  one-half  of  an  inch  or  less  in 
thickness,  and  from  3500  to  3800  potmds  for  castings  over  one- 
half  of  an  inch  in  thiclmess.  It  is  ftuther  recommended  that  the 
minimum  deflection  requirements  for  both  cases  be  increased  from 
0.09  to  0.1 1  inch.  The  division  line  of  the  casting  thickness  is 
changed  from  five-eighths  of  an  inch  of  the  American  Railway 
Master  Mechanics'  Association,  to  one-half  of  an  inch  in  order  to 
conform  to  the  recognized  standards  of  the  American  Society  for 
Testing  Materials. 

4.  It  is  preferable  to  leave  the  chemical  composition  and  the 
melting  process  used  to  the  manufactura*,  depending  for  the  most 
part  on  the  mechanical  tests,  and  of  these  primarily  upon  the 
transverse  test.  The  existing  specifications  allow  a  maximum 
of  0.70  per  cent  phosphorus  and  0.12  per  cent  sulphur;  there  are 
no  developments  in  this  investigation  which  would  warrant  a 
revision  of  the  maxitfutm  permissible  amounts  of  these  elements. 

Acknowledgment  is  due  to  Capt.  S.  N.  Petrenko  and  T.  W. 
Greene  for  the  mechanical  tests  and  also  to  S.  Epstein  for  the 
metallographic  work.  The  cooperation  of  the  chemistry  divi- 
sion of  the  Btureau  of  Standards  in  making  the  chemical  analyses 
is  Ukewise  acknowledged. 
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PART  2 

PROPOSED    SPECIFICATION »   FOR    CAST-IRON    CYLINDER 
PARTS  FOR  LOCOMOTIVES 

L  SCOPE 

These  specifications  cover  cast  iron  for  piston-valve  bushings, 
piston-valve  packing  rings,  piston-valve  bull  rings,  cylinder  bush* 
ings,  piston  packing  rings,  and  piston-hepxl  or  bull  rings. 

IL  MANUFACTURE 

1.  PROCESS 

The  castings  shall  be  made  from  good  quality  close-grained 
iron. 

m.  CHEMICAL  KtOPERTlES  AND  TESTS 

1.  CHEMICAL  COMPOSITION 

Drillings  taken  from  the  fractured  ends  of  the  transverse-test 
bars  shall  conform  to  the  following  limits  in  chemicU  composi- 
tion: 

Percent 

Phosphorus,  not  over a  70 

Sulphur,  not  over xa 

IV.  FHTSICAL  PROPERTIES  AND  TESTS 

U  TRAIfSVBRSB  TEST 

Wh^i  placed  horizontally  upon  supports  12  inches  apart  and 
tested  imder  a  centrally  appUed  load,  the  arbitration-test  bars 
specified  in  Section  IV-^a  shall  show  an  average  transverse 
strength  of  not  less  than  3500  poimds  for  castings  one-half  inch 
or  less  in  thickness,  and  an  average  transverse  3trength  of  not 
less  than  3800  pounds  for  castings  over  one-half  inch  in  thickness; 
and  the  deflection  for  either  thickness  of  material  shall  not  be 
less  than  o.ii  inch.  The  rate  of  appUcation  of  the  load  shall  be 
from  20  to  40  seconds  for  a  deflection  of  o.io  inch. 

2.  CHILL  TEST 

Before  pouring,  a  sample  of  the  iron  shall  be  taken  and  chilled 
in  a  (Ist^-tron  mold,  as  specified  in  Section  IV-36.  The  sample 
shall  be  allowed  to  cool  in  the  mold  tmtil  it  is  dark  red  or  almost 

•  Prepared  at  the  request  of  the  U.  S .  RaOrowl  Admhiigtratka  to  embody  the  results  of  this  and  other 
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black,  wh«ix  it  may  be  knocked  out  and  quenched  in  water.  The 
sample,  on  being  broken,  must  show  a  close-grained  gray  iron, 
with  a  well-defined  border  of  white  iron  at  the  bottom  of  the 
fracture.  The  depth  of  the  white  iron  must  not  be  less  than  one- 
sixteenth  of  an  inch  as  measured  at  the  center  line,  for  castings  one- 
half  inch  or  less  in  thickness,  nor  less  than  one-eighth  of  an  inch 
for  castings  over  one-half  inch  in  thickness. 
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Fso,  g.^Moldfor  arbitration  tist  bar 
3.  MOLDS  FOR  TBST  SPBCIMENS 

(a)  ARBtrRATiON  Bar.— The  mold  for  the  bars  is  as  shown  in 
Fig.  9,  The  bottom  of  the  bar  is  one-sixteenth  of  an  inch  smaller 
in  diameter  than  the  top  to  allow  for  draft  and  strain  of  pouring. 
The  diameter  of  the  test  bar  shall  not  vary  more  than  0.02  inch 
above  or  below  the  specified  size.    The  flask  is  to  be  rammed  up 


Digitized  by 


Google 


24 


Technologic  Papers  of  the  Bureau  of  Standards 


with  green  molding  sand,  a  little  damper  than  usual^  well  mixed 
and  put  through  a  No.  8  sieve,  with  a  mixture  of  i  to  12  bituminous 
facing.  The  mold  shall  be  rammed  evenly  and  fairly  hard, 
thoroughly  dried,  and  not  cast  until  it  is  cold.  The  test  bar  shall 
not  be  removed  from  the  mold  tmtil  it  is  cold  enough  to  be  handled. 
It  shall  not  be  rumbled  or  otherwise  treated,  beng  simply  brushed 
off  before  testing. 

(6)  Chill  Test. — The  form  and  dimensions  of  the  mold  shall  be 
in  accordance  with  Fig.  10.     . 
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Fio.  10. — Mold  f Of  MlUUst  sp^cinun 

4.  mmBraBt  of  tests 

(a)  Two  arbitration-test  bars,  cast  as  specified  in  section 
IV-3a,  shall  be  potned  from  each  ladle  used  for  one  or  more 
castings. 

(6)  One  chill  test,  cast  as  specified  in  Section  IV-36,  shall  be 
poured  from  each  ladk  of  metal  used  for  one  or  more  castings. 
The  chill-test  specimens  may  be  cast  in  adjacent  molds,  but  in 
such  cases  a  space  must  be  provided  between  the  molds.  (See 
Fig.  lo.) 
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V.  WORKMANSHIP, AND  FINISH 
1.  CHARACTER  OF  CASHNGS 

Castings  shall  be  smooth,  well  cleaned,  free  from  shrinkage 
cracks  and  from  other  defects  sufficiently  extensive  to  impair  their 
value,  and  must  finish  to  blue-print  size. 

2.  MARKING 

Each  casting  when  so  specified  shall  have  cast  on  it,  in  raised 
letters  and  figures,  marks  designating  the  maker,  the  date  of 
casting,  the  serial  and  pattern  numbers,  and  other  marks  specified 
by  the  purchaser. 

VL  INSPECTION  AND  REJECTION 

1.  mSFBCnON 

(a)  The  purchaser,  or  his  inspector,  shall  be  given  a  reasonable 
opportunity  to  witness  the  pouring  of  the  castings  and  test  speci- 
mens, as  well  as  to  be  present  when  the  mechanical  tests  are  made. 

(6)  In  case  the  inspector  is  not  present  to  witness  the  pouring 
of  the  castings  and  test  specimens,  the  manufacturer  will  hold  the 
latter  for  test  by  the  inspector  upon  his  arrival. 

(c)  Inspection  shall  be  made  at  the  place  of  manufacture,  and 
the  manufacturer  shall  also  ftunish  the  facilities  for  making  the 
mechanical  tests,  if  desired. 

2.  RBJBCnON 

Unless  otherwise  specified,  any  rejection  based  on  tests  made  in 
accordance  with  Section  IV-i  shall  be  reported  within  five  days 
from  receipt  of  samples. 

Washington,  April  30,  1920. 
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I.  INTRODUCTION 
1.  PURPOSE  AND  SCOPE 

This  paper  embodies  the  results  of  three  somewhat  dissimilar 
investigations  which  were  made  by  the  concrete  ship  section  of  the 
Emergency  Fleet  Corporation  on  the  bond  resistance  or  adhesion 
between  concrete  and  reinforcing  steel.  One  investigation  was 
made  to  study  the  effect  on  bond  resistance  of  the  application^of 
various  anticorrosive  coatings  on  reinforcement.  The  second 
investigation  was  made  to  study  the  length  of  lap  required  for 
effective  splicing  of  reinforcing  bars  in  regions  of  high  tensile 
stress.  The  third  investigation  was  made  to  study  the  relative 
merits  of  different  methods  of  anchoring  the  ends  of  stirrups  to 
meet  certain  conditions  which  arise  in  concrete  ship  construction. 

One  of  the  first  problems  which  presented  itself  in  the  design  of 
reinforced  concrete  ships  was  to  determine  whether  the  reinforce- 
ment in  the  shell  of  a  ship  would  be  subject  to  corrosion,  and  if  so, 
to  devise  methods  of  preventing  such  action.  Corrosion  would  be 
dangerous  because  of  the  bursting  of  the  concrete  due  to  the 
formation  of  a  bulky  iron  compotmd  on  the  siuiace  of  reinforcing 
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bars  rather  than  because  of  injury  to  the  reinforcement  itself. 
Experience  with  existing  reinforced  concrete  structures  exposed 
to  the  action  of  sea  water  or  sea  air  has  shown  that  a  thin  covering 
of  ordinary  concrete  can  not  be  expected  to  protect  steel  from 
corrosion  indefinitely.*  It  was  anticipated  that  this  action  might 
be  prevented  in  a  niunber  of  ways,  as,  for  instance,  (i)  by  using  a 
waterproofing  paint  on  the  surface  of  the  concrete ;  (2)  by  increasing 
the  waterproofing  qualities  of  the  concrete  itself;  or  (3)  by  using 
some  form  of  protective  coating  on  the  reinforcement. 

With  regard  to  the  first  investigation,  it  was  considered  probable 
that  the  use  of  a  coating  on  reinforcing  bars  would  affect  the  bond 
resistance  between  the  concrete  and  the  bars.  Hence,  when  tests 
were  made  to  determine  the  effectiveness  of  various  coatings 
in  preventing  the  corrosion  of  steel,  tests  were  also  made  to  de- 
termine the  effect  of  the  same  coatings  on  the  bond  resistance 
which  could  be  developed.  These  tests  Were  made  on  pull-out 
specimens  and  will  be  described  in  Section  II  of  this  paper. 

The  second  investigation  described  in  this  paper  was  made 
because  the  designer  needs  definite  knowledge  as  to  the  effective- 
ness of  lapped  bars  as  a  tension  splice.  In  lapping  bands  of  rein- 
forcement, it  is  important  to  know  how  many  bars  of  a  band  may 
be  safely  lapped  at  one  section,  and  how  the  length  of  embedment 
should  vary  with  variation  in  the  ratio  of  the  cross-sectional  area 
of  the  lapped  bars  to  the  total  cross-sectional  area  of  the  steel. 
This  is  essentially  a  question  of  bond  resistance,  since  it  involves 
intensity  and  distribution  of  bond  stresses  along  the  length  of 
embedment  of  the  lapped  bar. 

Most  of  the  available  data  on  bond  resistance  are  based  on  pull- 
out  tests  similar  to  those  reported  in  Section  II,  in  which  the  con- 
crete block  is  in  compression.  Such  tests  have  been  shown  *  to 
agree  reasonably  well  at  corresponding  slips  with  bond  tests  of 
reinforced  concrete  beams  in  which  the  ends  of  the  reinforcing 
bars  were  embedded  in  a  region  either  of  compressive  stress  or  of 
low  tensile  stress. 

On  the  other  hand,  pull-out  specimens  in  which  the  concrete 
block  was  in  tension  have  shown  ^  lower  bond  stresses  than  those 
specimens  in  which  the  block  was  in  compression,  and  it  seemed 
probable  that  bars  ending  in  a  region  of  high  tensile  stress  would 
develop  comparatively  low  bond  stresses.     To  obtain  evidence  on 

>  R.  J.  Wif  and  L.  R.  Ferguson,  What  is  the  Trouble  with  Concrete  in  Sea  Water.  Bnc.  News  Reoocd, 
Sei>t.  ao  to  Oct.  18, 1917. 
*  D.  A.  Abrams,  Tests  of  Bond  Between  Concrete  and  Steel,  Bull.  71.  Hng.  Bxp.  Sta..  Univ.  of  Illinois. 
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this  point  test  beams  were  made  in  which  the  tension  reinforcement 
was  lapped  within  a  region  of  constant  bending  moment.  The 
results  of  these  tests  are  presented  in  Section  III. 

In  the  case  of  the  concrete  tank  ship,  the  horizontal  pressure 
of  the  cargo  tends  to  force  the  shell  outward  from  the  frame, 
thereby  causing  tension  in  the  stirrups  which  extend  from  the 
frame  into  the  shell.  The  proper  anchorage  of  the  stirrups  in  a 
thin  shell  is  a  difficult  problem,  and  it  was  to  furnish  information  on 
this  subject  that  the  third  investigation,  as  described  in  Section 
IV,  was  carried  out. 
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n.  I^ULL-OUT  TESTS  WITH  BARS  TREATED  TO  PREVENT 

CORROSION 

1.  PRELIMINARY 

This  group  of  tests  was  made  primarily  to  study  the  eflFect  of 
the  presence  of  anticorrosive  coatings  upon  the  bond  resistance 
of  the  bars.  A  very  complete  series  of  tests  made  by  Abrams* 
on  uncoated  bars  was  of  much  value  in  determining  the  type  of 
specimen  to  be  used,  the  technique  of  performing  the  tests,  and 
the  elinunation  of  many  imdesirable  variables  which  might  have 
obscured  the  information  sought. 

The  pull-out  type  of  specimen  used  here  has  many  advantages 
when  it  is  desired  to  study  a  large  nimiber  of  variables.  The 
specimen  is  easily  and  accurately  made  to  any  desired  dimen- 
sions, can  be  tested  quickly  in  a  small  testing  machine,  is  fairly 
cheap,  and  gives  results  in  usual  terms  with  little  calculation. 
For  a  comparative  study  like  that  reported  here,  it  is  an  excellent 
type  of  specimen. 

2.  DESCRIPTION  OF  SPECIBIEN 

The  pull-out  specimen  adopted  for  this  work  consisted  of  a 
one-half-inch  steel  reinforcing  bar,  24  inches  long,  embedded 
axially  in  a  concrete  cylinder  6  inches  high  and  6  inches  in  diame- 
ter. In  the  position  of  molding  and  again  in  testing,  the  bar 
projected  about  one-half  inch  above  the  top  of  the  cylinder  and 
17^  inches  below  the  bottom. 

In  a  total  niunber  of  about  350  specimens,  18  kinds  of  pro- 
tective coating  were  investigated.  With  a  few  exceptions,  a  set 
of  16  specimens  was  made  with  each  kind  of  coating,  and  also 
with  uncoated  bars.  In  each  set  of  specimens,  8  were  made  with 
plain  square  bars  and  8  with  deformed  bars.  Each  group  of 
8  specimens  was  in  turn  divided  into  4  pairs,  which  werie  stored 
under  as  many  diflFerent  conditions.  Plain  bars,  except  in  series 
involving  the  use  of  metallic  coatings,  were  painted  by  hand 
with  a  brush,  while  deformed  bars  were  coated  usually  by  dipping 
them  into  the  paint.  To  supplement  information  obtained  from 
these  specimens,  additional  specimens  were  made  in  order  to  study 
the  effect  of  varying  the  manner  of  application  of  certain  paints. 

*  Bull.  71.  Bng.  Bxp.  SU.,  Univ.  of  Illioois. 
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3.  ANTICORROSIVE  COATINGS 

A  list  of  the  coatings  used  on  the  reinforcing  bars  in  these  tests 
is  presented  in  Table  i .  This  table  furnishes  the  key  to  the  sys- 
tem of  symbols  used  for  distinguishing  all  of  the  test  specimens. 
A  complete  specimen  niunber  indicates  the  series  number  of  this 
investigation  in  the  research  program  of  the  concrete  ship  section, 
the  kind  of  coating,  the  kind  of  bar  used  and  method  of  applying 
the  coating,  and  the  method  of  storage.  For  example,  8HA1  is 
the  specimen  number  given  to  a  pull-out  specimen  in  series  8, 
in  which  an  asphaltic  coating,  H,  was  applied  to  a  plain  square 
bar  by  means  of  a  brush,  after  which  the  specimen  i  was  stored 
in  damp  sand  for  28  days  before  testing. 

TABLB  1. — System  of  Reference  Symbols  Used  to  Indicate  the  Nature  of  the  Coatings^ 
Methods  of  Application,  and  Conditions  of  Storage 

I  No.  8) 


Kindofcoatiiig 

Method  of  applyfaig  coatfaig 

Method  of  storage 

Fint 

Second 

Ffaial 

nler- 
ence 

Composttlon 

refer- 
ence 

Kfaidofbar 

How  applied 

refer- 
ence 

Conditions 

letter 

numeral 

A 

A.... 

Pkfai  square.... 

Pahitedwith 

landZ 

Damp  sand,  28  days. 

B 

C<Ma4ar  pitch,  oo«14ar 

, 

brush. 

3  and  4 

Damp  sand,  1  month. 

naphtha. 

B.... 

Deformed  square 

Dipped. 

salt    water,    5 

c 

Andialt  paint 
Do. 

c.... 

do 

Painted  with 

months. 

D 

brush. 

Sand6 

Damp  sand,  1  month; 

B 

Iron    oikle,    tlUceoiis 
material,  fainlali,  tur- 

D.... 

Plain  square... 

Pafaited  and 
sanded. 

salt  water  and  air, 
S  months. 

pentine. 

B.... 

do 

Dipped. 

TandS 

Damp  sand,  1  month; 
air,  5  months. 

F 

Aaplialt  paint. 

0 

Do. 

H 

Do. 

I 

Iron    oxide,    siliceotts 
material,       varnish, 
mineral  spirits. 

J 

Red  lead,  linseed  oil 
dryer. 

K 

Iron    oxide,    caldom 
sulphate,      siliceous 
material,       varnish, 
nUneral  spirits. 

L 

Iron    oxide,    siUceous 
material,       varnish, 
mfaieral  spirits. 

M 

Asphalt  gilsonite  pafait. 

N 

Coal4ar  drying  oil,  pe- 
troleum distillate, 
turpentine. 

0 

Zinc  (galvanised). 

P 

Zinc(sherardixed). 

0 

Zfaic  (metal  spray). 

V 

Phosphate  coathig. 

X 

Bledrogalvanixed. 
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Table  2  indicates  schematically  the  exact  classification  of  all 
specimens  tested. 

TABLB  2.— Classification  of  Pull-Out  Test  Specimens 
[The  numerals  indicate  the  number  of  tpecimens  tested] 


Coctinc 


Kind 


storage 


Damp  sand, 
28  days 

Specimens 
land  2 


ill 


Damp  sand, 
1  fyi^mt** 

Saltwater, 
Smonttis 

Specimens 
3  and  4 


Damp  sand, 

1  month 

Salt  water  and 

air,  5  months 

Specimens 

5  and  6 


Damp  sand, 

Imonth 

'  Air,  5  months 


Specime 
7andfl 


(No  coating  used). 
Coal  tar 


do 

Ferric  oxide. 


do 

do 

Ferric  oxide 

RedloMl 

Ferric  oxide 

do 

Asphaltic 

Coal  tar 

Galvanized 

Sherardized 

Metal  spray 

Phosphate  film 

Electro  galvanized . 


4.  MATERIALS 

The  aggregate  used  in  making  the  specimens  was  a  Potomac 
River  sand,  consisting  principally  of  angular  quartz  grains  and 
containing  a  sUght  amoimt  of  mica  and  clay.  It  was  obtained  in 
Arlington,  Va.  All  of  this  sand  passed  a  one-fourth-inch  screen. 
A  mechanical  analysis  made  with  a  set  of  Howard  &  Morse  sieves 
is  presented  in  Table  3.  The  average  tensile  strength  of  three  1 13 
cement  mortar  briquets  was  250  poimds  per  square  inch  at  seven 
days,  which  was  3  per  cent  higher  than  the  average  strength  of 
similar  briquets  made  with  standard  Ottawa  sand. 
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TABLB  3.— Mechanical  Analysis  of  Sand 


Screen  munber 


lO-meah. 
ZO-medi. 
30-mesb 
40-mesh 


Sepen- 
tkmtize 

Per  cent 
pueing 

Inch 

0.250 

100.0 

.075 

92.3 

.034 

76.1 

.022 

52.0 

.015 

35.2 

Screen  number 


50-me8h. 
SO-meah. 
lOO-meah 
200-mesh 


Separa- 
tion size 


Inch 
0.011 
.0068 
.0055 
.0029 


Percent 


24.3 
11.6 
7.5 
2.8 


Tidewater  Portland  cement,  having  a  fineness  such  that  83.9  per 
cent  passed  a  No.  200  sieve,  was  used  in  making  the  concrete.  In 
the  concrete  the  proportions  by  weight  were  i  part  cement,  2 
parts  sand,  and  0.485  parts  water.  With  these  proportions  the 
water  was  16.2  per  cent  (by  weight)  of  all  dry  materials  and  75 
per  cent  (by  volume)  of  the  cement.  Defined  by  sizes  of  aggre- 
gate, this  mix  was  a  mortar  instead  of  a  concrete,  but,  following 
the  usage  developed  in  connection  with  early  concrete  ship  work, 
it  is  here  termed  concrete. 

The  steel  used  consisted  of  one-half -inch  plain  square  bars  and 
deformed  bars  of  the  same  nominal  cross  section  and  perimeter.* 
The  deformed  bar  was  of  the  form  shown  in  Fig.  i.  It  had  nine 
lugs  per  foot  of  length.  The  lugs  were  truncated  wedges  about 
0.05  inch  in  height,  and  included  an  angle  of  about  40®  between 
the  beveled  bearing  faces.  It  is  evident  that  this  form  of  lug  gave 
some  wedging  action  in  the  pull-out  test,  as  verified  by  the  fact 
that  all  pull-out  specimens  made  with  deformed  bars  failed  by 
btu'sting  the  concrete  block.  No  lateral  reinforcement  was  used 
to  restrain  the  concrete. 

Physical  properties  of  the  steel  used  are  given  in  Table  4. 

TABLE  4.— Physical  Properties  of  Steel 


Type  of  hat 


H  Inch,  plain  sqnere. 
H  inch,  deformed — 


Yield 


LbiVin.* 
33  150 
61300 


Ultimate 
tensile 
strength 


LbsVfai.* 
46  200 
105  750 


Uttimete 
elonsetion 
in  8  inchee 


Percent 
14.8 
16.6 


In  a  few  specimens  the  yield  point  of  the  bar  was  exceeded 
before  failure  occurred. 

*  A  measurement  of  one  plain  bar  and  one  deformed  bar  showed  the  perimeter  of  the  deformed  bar  to  be 
about  4  per  cent  less  than  that  of  the  plain  bar. 
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Fig.  I. — Deformed  bar  used  in  pull-out  tests 
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5.  MAKING  OF  SPECIMENS 

The  bars  were  prepared  several  days  before  the  moldmg  of  the 
spechnens.  The  plain  bars  were  fairly  smooth  and  had  but  little 
rust,  and  that  was  removed  with  eifaery  cloth.  One  coat  of  paint 
was  applied  with  a  varnish  brush  over  one-half  of  the  length  of 
each  bar  painted.     The  paint  was  allowed  to  dry  for  several  days. 

The  deformed  bars  had  a  heavy  coating  of  mill  scale  and  rust. 
This  coating  was  removed  by  scraping  with  the  edge  of  a  cold 
chisel  and  then  brushing  with  a  wire  brush.  Each  bar  was  held 
vertically  and  the  lower  half  of  its  length  was  dipped  into  the 
paint.  The  excess  paint  was  allowed  to  drain  oflF,  and  the  bar 
was  left  to  dry  for  several  days.     All  paints  were  applied  cold. 

To  compare  the  effect  of  different  methods  of  applying  the 
coating,  a  few  specimens  were  made  in  which  the  plain  bars  were 
dipped  and  the  deformed  bars  were  painted  with  the  brush.  A 
few  of  the  plain  painted  bars  were  also  coated  with  a  sharp  fine 
sand  immediately  after  painting,  to  study  the  effect  of  such  a 
treatment. 

Obviously,  the  above  description  does  not  refer  to  the  applica- 
tion of  metallic  coatings,  which  were  applied  by  commercial 
methods  by  the  manufacturers  to  whom  bars  were  fiunished  for 
such  treatment. 

In  making  the  specimens,  the  cylinder  molds  were  placed  on  a 
wooden  bench.  Holes  (three-fourths  inch  in  diameter)  in  the 
bench  permitted  the  bars  to  be  placed  vertically  in  the  axis  of  the 
cylinder,  with  the  coated  end  projecting  about  one-half  inch  above 
the  top  of  the  mold.  The  bars  were  held  in  place  in  the  bench  by 
packing  cotton  waste  tightly  around  them. 

The  concrete  was  tamped  into  place  in  the  mold  with  a  small 
wooden  rod,  and  the  top  smf ace  was  smoothed  off  with  a  trowel. 

6.  AUXILIARY  SPECIMENS 

Three  compression  cylinders,  2  inches  in  diameter  and  4  inches 
high,  were  made  from  the  batches  of  concrete  mixed  for  the  pull- 
out  test  specimens.  Average  compressive  strengths  as  deter- 
mined for  the  different  conditions  of  age  and  storage  are  as  follows: 

Lbs./in.* 

Damp  sand,  28  days 5090 

Damp  sand,  6  months 6195 

Damp  sand,  a8  days,  and  sea  water,  5  months 7010 
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7.  STORAGE  OF  SPBCIBIENS 

The  specimens  were  removed  from  the  molds  when  24  hours 
old  and  were  stored  in  damp  sand  in  the  laboratory  for  approxi- 
mately one  month.  After  this  preliminary  curing,  diflferent 
groups  of  specimens  were  accorded  different  treatment.  In  all 
cases  specimens  were  allowed  to  stand  in  air  24  hours  previous  to 
testing. 

Specimens  i  and  2  of  each  group  were  removed  from  the  damp 
sand  after  27  days  and  were  tested  on  the  following  day.  Speci- 
mens 3  and  4  were  removed  from  the  sand  after  i  month  and  stored 
in  artificial  sea  water  for  5  months,  then  allowed  to  dry  for  24 
hoiu^  before  testing. 

Specimens  5  and  6  were  removed  from  the  sand  when  i  month 
old  aud  were  stored  in  artificial  sea  water  and  in  air  alternately  12 
hours  each  day  for  5  months  and  then  tested.  These  specimens 
were  stored  on  a  rack  arranged  to  be  readily  lowered  into  and 
raised  from  the  tank  containing  the  sea  water. 

Specimens  7  and  8  were  removed  from  the  damp  sand  when  i 
month  old,  stored  in  the  laboratory  imcovered  for  5  months,  and 
then  tested. 

All  specimens  were  stored  inside  the  laboratory  where  the  range 
of  temperattu-es  was  between  60  and  75®  F.  There  is  no  indication 
that  these  temperatures  produced  harmful  effects  on  any  of  the 
paint  coatings. 

The  storage  in  sea  water  was  to  determine  how  the  bond  strength 
might  be  affected  by  the  deterioration  of  paint  and  metallic  coat- 
ings and  by  corrosion  of  the  bars. 

The  artificial  sea  water  referred  to  was  prepared  from  the  for- 
mula given  in  Table  5,  based  upon  a  tjrpical  chemical  anal3rsis  of 

ocean  water. 

TABUS  5.— Convositioii  of  Artificial  Set  Water 


PolaHiaiB  iMMiUd . 


Cakfom  tnlplute 

BtigiiMlaiii  sotphato . 
Mainesiam  chlorld . . 


Sodfoin  cwkM  . 

W«ter(«rtBt).. 


KBr 

KtSO« 

C»SO« 

MfSO« 

MfCl. 

MCCQ, 

Raa 


0.29 
2,SS 
3.97 
4.U 

10. 7t 
.29 

71.00 


Paitiby 


1 

9 

14 

•  14.S 

38 

1 

275 


10  < 


« Anhydrous:  equivalent  to  •9.7  parts  of  coaunercial 


and  sulphate.  11cSO«.tHK>. 
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8.  METHOD  OF  TESTING 

In  making  a  pull-out  test,  the  specimen  was  placed  on  the  upper 
head  of  the  testing  machine,  as  shown  in  Fig.  2,  with  the  long  end 
of  the  bar  passing  down  through  a  central  hole  in  the  spherical 
bearing  block.  The  long  end  of  the  bar  was  engaged  in  the  wedge 
grips  in  the  moving  head  of  the  machine.  In  a  nmnber  of  cases 
readings  of  load  were  lost,  due  to  the  slipping  of  the  bar  in  the 

'j4/7^3  d/a/fyrnTeasur/ng 
:^/pof  bar 


tVooden 
yoke 

3pr/ng 

Concrefe 
cy/fnc/er" 

bearfngolock^ 


^ 


P3L 

'y/ct^afroke 


T(v?y/a¥of 


vghing  head\  [[  / 


■Pull-out  specimen  in  machine  in  position  for  testing 


grips  at  low  loads,  and  in  all  cases  this  shpping  made  it  difficult  to 
keep  the  weighing  beam  of  the  machine  in  balance.* 

The  concrete  block  was  embedded  in  plaster  of  Paris  on  a  bear- 
ing plate,  which  transmitted  the  stress  through  a  spherical  bearing 
block  to  the  weighing  head  of  the  machine.  The  plaster  of  Paris 
served  to  give  a  miiform  bearing  between  the  specimen  and  the 

*  Snoe  it  18  particularly  desirable  to  obtain  accurate  readings  of  load  at  the  beginning  of  the  sUp  of  the 
bar.  this  test  could  probably  be  improved  by  providing  a  better  omnectson  between  the  bar  and  pulling 
head.  This  could  be  accomplished  by  threading  the  end  of  the  bar  and  holding  it  with  a  nut  against  a 
^ata  bearing  against  the  lower  side  of  the  pulling  head. 
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bearing  plate,  and  the  spherical  bearing  allowed  the  bar  to  be 
adjusted  in  a  vertical  position,  thus  preventing  the  bending  of  the 
bar  which  otherwise  would  have  occurred  when  the  axis  of  the 
bar  was  not  normal  to  the  bearing  surface  of  the  concrete  block. 

The  slip  of  the  bar  was  measured  at  the  upper  end  of  the  em- 
bedded bar  by  means  of  an  Ames  gage;  this  was  supported  by  a 
wooden  yoke  clamped  to  the  upper  part  of  the  concrete  block  in 
such  a  position  that  the  plunger  rested  on  the  end  of  the  bar. 
The  dial  was  graduated  so  that  its  smallest  division  indicated  a 
movement  of  o.oooi  inch,  and  a  movement  of  0.00005  inch  was 
easily  estimated.  The  latter  was  the  smallest  slip  recorded.  Load 
was  applied  continuously  with  the  weighing  beam  kept  carefully 
balanced,  and  as  predetermined  amounts  of  slip  were  reached,  the 
corresponding  load  was  read  and  recorded. 

The  tests  were  made  on  a  power-driven  Olsen  testing  ma- 
chine of  20  000  poimds  capacity.  The  slowest  speed  of  the 
machine  was  used,  giving  the  pulling  head  a  movement  of  about 
0.07  inch  per  minute.  Due  to  the  slipping  of  the  bar  in  the  grips 
at  low  loads,  the  stretching  of  the  bar,  and  the  compression  in  the 
plaster  bearing,  the  slipping,  as  measured  by  the  Ames  gage,  was 
much  less  than  the  movement  of  the  pulling  head. 

9.  NATURE  OF  THE  BOND  RESISTANCE  OF  A  COATED  BAR 

A  study  of  bond  between  concrete  and  uncoated  steel  has  indi- 
cated that  bond  resistance  is  made  up  of  two  parts,  adhesive 
resistance  and  sliding  resistance.  Adhesive  resistance  comes  into 
play  before  the  bar  begins  to  slip.  Sliding  resistance  is  evidently 
due  to  friction  between  the  concrete  and  the  surface  of  the  rein- 
forcing bar,  which  may  be,  comparatively  speaking,  rough  and 
irregular  in  form. 

With  the  deformed  bar  the  projecting  lugs  provide  additional 
resistance  after  slipping  has  begun.  It  is  believed  that  the  adhe- 
sive resistance  between  the  concrete  and  the  longitudinal  surfaces 
of  the  bar  is  destroyed  before  there  is  enough  movement  to  develop 
much  compressive  stress  between  the  beveled  surface  of  the  lug 
and  the  concrete  in  contact  with  it. 

The  action  of  a  coated  bar  embedded  in  concrete  is  undoubtedly 
of  a  different  nature  from  that  of  an  imcoated  bar.  With  the 
more  plastic  coatings  especially,  slipping  may  be  due  to  three 
possible  causes,  as  follows:  (i)  Slip  between  the  coating  and  the 
concrete;  (2)  flowing  or  shearing  deformation  in  the  coating  in 
the  direction  of  motion;  and  (3)  slip  between  the  coating  and  the 
bar. 
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A  very  soft  paint  may  act  merely  as  a  lubricant  tending  to 
facilitate  slipping  of  the  bar,  while  a  hard,  brittle  paint  may 
cnunble  when  acted  upon  by  shearing  forces.  Although  the  re- 
sistance of  these  paints  to  distortion  is  not  known,  it  seems  likely 
that  the  shearing  strength  of  a  paint  is  less  than  its  adhesion  to 
steel  or  concrete.  On  the  other  hand,  a  metallic  coating,  such  as 
zinc,  is  elastic  and  has  a  comparatively  high  shearing  strength,  so 
that  failtu-e  might  be  expected  to  occtu-  through  sUpping  of  the 
zinc  on  the  concrete.  A  study  of  the  tests  shows  a  considerable 
variation  in  the  behavior  of  the  different  coatings. 

10.  GENERAL  CHARACTERISTICS  OF  RESULTS 

The  bond-slip  data  of  all  tests  have  been  plotted  in  Figs.  4  to 
38,  inclusive,  which  show  the  relation  between  bond  stress  and 
slip  of  bar.  Each  figure  contains  the  information  sectu-ed  with 
the  use  of  a  certain  coating. 

The  values  of  bond  stress  for  end  slips  up  to  o.oi  inch  have 
been  plotted  on  an  extended  scale  in  the  left-hand  portion  of  each 
diagram  in  order  to  show  distinctly  the  zone  in  which  end-slip 
values  began  to  increase  rapidly;  the  same  data  are  included  in 
the  right-hand  portion  of  each  diagram,  which  shows  values  of 
bond  stress  for  end  slips  up  to  0.20  inch.  The  points  plotted  in 
each  diagram  represent  the  average  results  of  tests  of  two  similar 
specimens.  The  different  conditions  of  storage  have  been  indi- 
cated by  the  same  conventions  throughout  the  diagrams. 

The  form  of  the  bond-slip  ciuves  for  coated  bars  is,  in  general, 
similar  to  that  for  uncoated  bars.  A  few  outstanding  differences 
may  be  noted  briefly.  While  the  plain  uncoated  bar  reached  its 
maximum  bond  resistance  at  a  slip  of  o.oi  inch  or  less,  after  which 
the  bond  stress  decreased  with  fiuther  slip,  many  of  the  plain 
painted  bars  did  not  reach  maximum  bond  resistance  imtil  a  slip 
of  0.03  to  0.05  inch  had  occtured,  and  the  bond  stress  remained 
nearly  constant  with  considerable  increase  in  slip. 

However,  with  some  metallic  coatings  the  maximiun  bond 
resistance  on  plain  bars  was  developed  at  a  slip  of  o.ooi  inch. and 
was  followed  by  a  sudden  large  slip  of  bar  with  a  correspond- 
ingly large  reduction  in  bond  stress. 

Uncoated  deformed  bars  showed  an  increase  in  bond  resistance 
with  an  increase  in  sUp  throughout  the  test.  The  results  for 
coated  deformed  bars  show  two  noticeable  features:  (i)  The  bond 
stress  was  low  for  small  amoimts  of  slip,  but  the  general  slope  of 
the  bond-slip  curves  is  about  the  same  as  for  the  uncoated  bars; 
(2)  in  some  cases  the  bond  stress  developed  at  the  initial  slip 
ssso**— 20 — 2 
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remained  cbnstant,  or  even  decreased,  until  a  slip  of  0.02  to  0.03 
inch  was  reached,  after  which  the  bond-slip  curves  took  on  the 
characteristic  slope  of  the  curve  for  uncoated  bars.  It  is  evident 
that  the  point  at  which  a  curve  takes  this  sudden  change  in  slope 
corresponds  to  the  slip  at  which  the  lugs  of  the  deformed  bar  have 
reached  a  firm  bearing  against  the  adjoining  concrete. 

Tests  reported  elsewhere  •  have  indicated  that  a  very  small 
amotmt  of  slip  corresponds  to  critical  bond  stress  in  a  reinforced 
concrete  beam.  For  this  reason  comparisons  have  been  made  of 
bond  stresses  corresponding  to  a  slip  of  o.ooi  inch  and  o.oi  inch, 
respectively.  The  ratios  of  these  stresses  to  the  maximum  bond 
stresses  developed  in  these  tests  are  given  in  Table  6  in  the  form  of 
percentages. 

TABLE  6. — ^Bond  Stresses  at  Specified  Slips  in  Percentage  of  Maximiim  Bond 

Stresses 

[Values  fiven  are  averages  for  all  ages  and  conditions  of  storage] 


Coating 

0.001-lnch  sUp 

0.01-inch  slip 

Refer- 
ence 

Kind 

1 

Plain 
bars 

Deformed 
bars 

Plain 
bars 

Deformed 
bars 

A 

(No  rMting  ^«^) 

Percent 

94 

Per  cent 

53 

Percent 

99 

Per  cent 

62 

^ffphflltic .  . 

C 
D 

F 

58 
60 
55 
53 
74 
62 

8 

23 
IS 
23 
33 
26 

91 
90 
79 
86 
95 
92 

13 
36 
22 

0 
H 
M 

Average 

33 
44 
45 

60 

21 

89 

32 

Coaltar 

B 

f           65 
1            68 

20 
26 

88 
98 

34 

N 

Average 

37 

67 

23 

93 

36 

Ferric  oiide 

B 
I 

67 
84 
66 
^3 

24 
33 

86 
97 
84 
95 

38 

44 

K 

Average 

L 

29 

41 

73 

29 

90 

41 

.Mf^llfC.                  

0 

P 

98 
100 
101 

50 
66 

80 
53 

74 

44 
45 

X 

100 

58 

69 

45 

Metalspray 

0 

J 

V 

16 
47 
92 

4 

7 

49 

76 
66 
97 

12 

Red  lead 

IS 

Phosphate 

56 

•  Abnuns,  Bull.  71,  Bug.  Exp.  SU..  Univ.  of  Illinois. 
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In  orda:  to  present  graphically  a  large  amoimt  of  the  informa- 
tion of  these  tests,  Fig.  3  has  been  prepared.  Bond  stresses  at 
slips  of  o.ooi  inch  and  o.oi  inch,  and  at  maximum  load  are  shown. 
The  chart  shows  that,  in  general,  the  bond  resistance  of  coated 
bars  was  much  less  than  that  for  uncoated  bars.  The  dotted 
horizontal  lines  drawn  in  Fig.  3,  corresponding  to  the  bond  stresses 
developed  in  uncoated  bars  at  a  slip  of  o.ooi  inch  and  at  the 
maximum  load,  enable  this  comparison,  to  be  made  readily. 
Averaging  the  results  for  all  conditions  of  storage  for  each  coat- 
ing, the  data  of  Fig.  3  are  summarized  and  shown  as  oercentages 
in  Table  7. 

TABLB  7.— Bond  Stresses  for  Coated  Bars  in  Percentage  of  Bond  Stresses  for 

Uncoated  Bars  ^ 


[Values  given  are  averages  for  all  ages  and  conditions  of  storage] 

CoAtiiig 

Percentage 

t  bond  stress  for  uncoated  bars 

Reler- 

Kind 

0.001-inch  slip 

0.01-inch  sUp 

Bfaxtanum  bond 
stress 

Avenige 

ence 
totter 

Plain 

Delocmed 

Plain 

Deformed 

Plain 

Deformed 

A 

Uncoated 

Asphaltlc 

100 

100 

100 

100 

100 

100 

100 

c 

30 
29 
30 
28 
38 
48 

9 
29 
19 
29 
45 
32 

43 
41 
40 
42 

66 

14 
37 
23 
36 
50 
48 

47 
45 
50 
49 
48 
71 

69 
65 
67 
68 
71 
65 

D 

F 

0 

Average 

Coal  tar 

H 

M 

34 

27 

46 

35 

52 

67 

43 

B 

S3 
62 

25 
38 

67 
83 

36 

47 

76 
84 

67 

78 

N 

Average 

Ferric  oxide. 

SB 

32 

75 

42 

80 

73 

60 

B 

30 
45 
37 
40 

35 
35 

36 
48 
43 
48 

49 
40 

42 
49 
52 
50 

80 
56 

I 

K 

Average 

Metallic 

Average. 

Metal  spray 

L 

38 

47 

71 

38 

36 

44 

45 

48 

69 

47 

0 

76 
89 
97 

78 
94 

58 
42 
66 

59 
69 

72 
80 
89 

82 
76 

P 

X 

0 

J 

V 

87 
1 
6 

90 

86 

7 

9 

107 

55 
5 

8 
88 

64 

17 

16 

104 

80 
7 
8 

91 

79 
88 
63 
116 

75 
21 

Red  lead. 

18 

Phosphate 

99 

11.  ACTION  OF  nVDIVIDnAL  COATINGS 

A  brief  tabular  summary  of  the  characteristic  action  of  the 
various  coatings  is  given  in  Table  8.  As  an  additional  guide  in 
determining  the  merits  of  a  given  type  of  coating,  the  resistance 
of  each  coating  to  salt-spray  corrosion  tests  is  also  presented. 
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Fio.  3. — Bond  stresses  developed  with  different  coatings  under  various  conditions  of 

storage 
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Cn^  5ltpin  Inches 
FlO.  4. — Bond-slip  diagrams  for  uncoated      Fig.  5. — Bond-slip  diagrams  for  coating 
bars  B;  coal  tar 


9  end  yfp  in /nches 

£nd  5lfp  in  Inches 

Flo.  6. — Bond-slip  diagrams  for  coating  FiG.  7. — Bond-slip  diagrams  for  coating 
C;  asphaltic  D;  asphaltic 


i 


end  3i^  in  Inches  ,£na  5if)  in  inches 

Fig.  8. — Bond-sUp  diagrams  for  coating      Fio.  9. — Bond-slip  diagrams  for  coating 
E;  ferric  oxide  F;  coal  tar 

NOTS  FOR  Figs.  4  to  38.  inclusivb.— In  the  left-hand   section  of  each  figure  the  slip,  up  to  0.01 
inch,  is  plotted  horizontally  to  a  more  extended  scale  than  that  which  is  used  in  the  right-hand  section. 


Digitized  by 


Google 


22  Technologic  Papers  of  the  Bureau  of  Standards 


£nd  5fi^  tn  Inche3 

Fig.  io. — Bond-slip  diagrofnsfor  coating        FlG.  ii. — Bond-slip  diagrams  for  coating 
G;  asphaliic  H;  asphallic 


£nd  Slip  in  Inches 

Fig.  12. — Bond-slip  diagrams  for  coating      Fig.  13. — Bond-slip  diagrams  for  coating 
I;  ferric  oxide  J;  red  lead 


"*  Cnd  5lip/nlnc/ie9 

Fig.  14. — Bond-slip  diagrams  for  coating        FiG.  15. — Bond-slip  diagrams  for  coating 
K;  ferric  oxide  L;  ferric  oxide 

NoTB  FOR  Figs.  4  to  38,  inciusivb.— In  the  left-hand  section  of  each  figure  the  slip,  up  to  o.ox  inch, 
is  plotted  horizontally  to  a  more  extended  scale  than  that  which  is  used  in  the  right-hand  section. 
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dncf  y/p  in /nches 

Fio.  16. — Bond-sup  diagrams  for  coating       FlO.  17. — Bond-sUp  diagrams  for  coating 
M;  asphaltic  N;  coal  tar 


£hd3JtpMi/nches  ^nd  Sfip  tn  Inches 

Flo.  18. — Bond-slip  diagrams  for  coating      Fig.  19. — Bond-slip  diagrams  for  coating 
O;  galvanized  P;  sherardized 

NoTB  roR  Pigs.  4  to  38.  inclusive.— In  the  left-hand  section  of  each  figure  the  slip,  up  to  o.oi  inch, 
is  plotted  horizontally  to  a  more  extended  scale  than  that  which  is  used  in  the  right-hand  section. 
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Cnd  5fipinhchG5 

Fxo.  20. — BondsUp  diagrams  for  coating     Fig.  21. — Bond-slip  diagrams  for  coating 
Q;  metal  spray  V;  phosphate  film 


Flo.  22. — Bond-slip  diagrams  for  coating 
X;  electro  galvanized 

N0T8  FOR  Pios.  4  to  38.  iNCLUSivB.— In  the  left-hand  section  of  eadi  figure  the  slip,  up  to  0.01  inch, 
IB  plotted  horizontally  to  a  more  extended  scale  than  that  whidi  is  used  in  the  right-hand  section. 
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tnif  Slip  in  Inches  ^^  3lip  in  Inches 

Fig.  2$.— Coating  C,  stored  in  damp  sand  Fig.  24. — Coating  C,  xiored  in  damp  sand 
28  days  one  month,  salt  water  five  months 


End  Slip  in  Inches  End  Slip  h  Inches 

Fig.  25. — Coating  C,  stored  in  damp  sand  Flo.  26. ^^oating  C,  stored  in  damp  sand 
one   month,    salt   water   and    air  five  one  month,  air  five  months 

months 

NoTB  roR  Figs.  4  to  38,  incxusivb.— In  the  left-hand  section  of  each  figure  the  slip,  up  to  o.oi  inch,  is 
plotted  horizontally  to  a  more  extended  scale  than  that  which  is  tised  in  the  right-hand  section. 
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0  moujoobmoioo  oaoMon  oa  oa  aew  o»  qb  qw 
tnd3lipininchea  '  Cna  Sp  in  inches 

Fig.  27. — Coating  H,  stored  in  damp  sand       FIG.  2S. — Coating  H,  stored  in  damp  sand 
28  days  one  months  salt  water  five  months 


ehdSfpfnmches  Did  Slip  in  inches 

Fig.  29. — Coating  H,  stored  in  damp  sand  Fig.  30. — Coating  H,  stored  in  damp  sand 
one   month,    salt   water   and   air  five  one  month,  air  five  months 

months 


Uncf  Slip  in  inches 

Flo.  31. — Coating  K,  stored  in  damp  sand       Fig.  32 . — Coating  K,  stored  in  damp  sand 
28  days  one  month,  salt  water  five  months 

N0T8  FOR  Pigs.  4  to  38.  inclusivb.— Ill  the  left-hand  section  of  each  figure  the  slip,  up  to  o.oz  indi.  is 
plotted  horizontally  to  a  more  extended  scale  than  that  which  is  used  in  the  right-hand  section. 
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Chd  Sip  in  inches. 

Fig.  33. — Coating  K,  stored  in  damp  sand 
one  month,  salt  water  and  air  five 
months 


Fig.  34. — Coating  K,  stored  in  damp  sand 
one  month,  air  five  months 
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0  HOC  cot 006  000  iMO  QOC/304O06  QOBOJO  QJC  014  QI6  CJO  (SO 
tnd  Sip  in  inches 

FXG.  35.— Coa/tn^  N,  stored  in  damp  sand 
28  days 


0  aeoo^oob  ooeao  o  cotooi  ooe  ooso/oofc  MQi6QiOQa> 
Gid  5lip  in  inches 

Fig.  36. — Coating  N,  stored  in  damp  sand 
one  month,  salt  water  five  months 


Cnd  Svi*n  inches 
Fig.  37. — Coating  N,  stored  in  damp  sand 
one   month,    salt   water   and   air  five 
months 

NoTS  FOR  Figs.  4  to  38.  inci,usxvb.— In  the  left-hand  section  of  each  ficure  the  slip,  up  to  o.oz  indi,  is 
plotted  horizontally  to  a  more  extended  scale  than  that  which  is  used  in  the  right-hand  section. 


£nd  5iip  in  inches 
Fig.  38.— Coa/tfk7  AT,  stored  in  damp  sand 
one  month,  air  five  months 
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TABLE  8.— Characteristic  Action  of  Coatings  in  Bond  Tests  and  C<»rosion  Tests 


Ratio  Of  bond 

i 

Average  tfane 
ofdryfaig 

stress  for 
coated  bar  to 
unooatedbar 

Realstanoe 

Compotitfon  and  ap- 

(0.01-ineh aUn^ 

CharacterisUc  feature  of 

tossU- 

$ 

pearance  of  coaHng 

bond  tests 

spraycono- 
skmtest 

1 

Plain 

De- 
formed 

Phdn 

De- 
formed 

- 

Days 

Days 

B 

Coal  tar;  dried  to  duU 
flnUh*  with  toogh  ad- 
hesivelUm. 

2 

5 

0.67 

0.36 

Bond  stress  high  after  6 
months'  storage  in  air; 
fairly   low    after   other 
storage;  above  avenge 
on  plain  bars. 

FaUed. 

C 

Atphaltk;atirface8tkky 
and  not  very  adheslvei 

3 

6 

.43 

.14 

Comparatively    tow,    es- 
pecially   on    deformed 
bars;  below  average  of 
all  coatings. 

Fair. 

D 

Aaplialtic;   fairly  liard 
and  toogh  torftice. 

3 

5 

.41 

•      .37 

Comparatively  low;  below 
average  of  all  coatfaigs. 

Do. 

• 

B 

Ferric  oiide;  adheatve 
turlace. 

2 

6 

.36 

.49 

Better  result  on  deformed 
than    on    plain    bars; 

ings;  shows  well  on  28- 
day  test. 

Good. 

F 

Coal  tar;  dried  to  dull 
flniah  with  tough  ad- 
hesive film. 

2 

5 

.40 

.23 

Bond  stress  high  after  6 
months'  storage  in  air; 
fairly   low    after   other 
storage;  above  average 
on  plain  bars. 

Fair. 

O 

Aaphaltic;alighUy  sticky, 
glossy  and  adhesive. 

2 

6 

.42 

.36 

SlighUy  below  average  of 
ail  coatings;  best  after 
6  months'  storage  In  air; 

siderablesUp. 

Do. 

H 

Asphaltic;   flhn   sticky 
and  glossy,  not  very 
adhesive. 

2 

6 

.46 

.50 

Slightly    above    average; 
paint  was    scaly    after 
specimen   was   broken 
ond  adhered  partly  to 
concrete. 

Do. 

I 

Ferric  ozMe;  hard.  dull, 
rather  tough  finish. 

t 

3 

3 

.48 

.40 

Average  of  all  coatings; 
adhered  to  concrete  of 
broken  specimens;  form 
of  bond-slip  curves  simi- 
lar to  those  of  unooated 
bars. 

Good. 

J 

Red  lead;  thfcdc.  wrhi- 

.08 

.16 

Very  poor  bond;  fair  maxi- 
mum bond  on  deformed 

Bzcellent. 

kled  fUm;  dried  veiy 

slowly. 

ban;  paint  adhered  to 
both  steel  and  concrete 
of  broken  spedmen;  ap- 
peared chalky. 

K 

Ferric   odde;    smooth. 

.43 

Slightly    below    average; 
fair  after  6  months' stor- 

Do. 

glossy  fUm. 

age  in  air;  T«a*i"'w" 

bond    contfaiued    with 

large  slips. 
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: 

pearance  of  coating 

Average  time 
of  drying 

Ratio  of  bond 

stress  for 
coated  bar  to 
uncoated  bar 
(0.01-inch  slip) 

Characteristic  feature  of 
bondtesu 

Resistance 

to  salt- 
spray  corro- 
sion test. 

1 

Plain 

De- 
formed 

Plain 

De- 
formed 

• 

Days 

Days 

L 

Ferric  oxide;  paint  UUck 
and  poor  consistency. 

5 

3 

0.48 

0.47 

Slightly    above    average; 
best     results    with     6 
months'  storage  in  air; 
adhered  mainly  to  con- 
crete in  broken  speci- 
mens. 

Failed. 

M 

Asphaltic;  hard,  glossy 
film. 

7 

4 

.66 

.48 

Better  than  average;  paint 
appeared  slightly  brittle 
in  broken  spectanens. 

Fair. 

N 

Coal  tar;  film  lumpy, 
not  of  uniform  thick- 
ness. 

7 

4 

.83 

.47 

Considerably  above  aver- 
age;   bond-eUp   curves 
similar  to  those  for  un- 
coated bars;  pahit  ad- 
hered to  broken  speci- 
mens. 

FaUed. 

0 

Zfaic  (galvanized);  film 
about  0.003  inch  thick. 

.58 

.59 

Much  above  average;  max- 

imum  bond   at   0.001- 

inch  slip  on  plahi  bars 

foUowed  by  sudden  sUp 

and  decrease  of  bond; 

peculiar  bond-eUp  curves 

for  deformed  bars. 

p 

Zinc(sherardlzed);fUm 
about  0.002  inch  thick. 

.42 

.69 

Much  above  average;  max- 

^ 

imum    bond    on   plain 

bars  at  0.001-hich  slip; 

action  shnilar  to  "O." 

Q 

Zinc  (metal spray);  film 
aboutO.001  inch  thick. 

.05 

.17 

Very  poor  bond;   a  fair 

muTfnmm  txMid  is  de- 

veloped wUh  deformed 

bars;  practically  no  bond 

with  plain  bars. 

V 

Phosphate 

.88 

1.04 

Very  good  bond;   action 

similar  to  that  of  un- 

ly  good  at  all  storages. 

X 

Zfaic  (electro  galvanized) 

.66 

Good   bond,   very  much 

above  average;  behavior 

similar  to  that  of  coatings 

**(y*  and  "P." 
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12.  COMPARISON  OF  PLAIN  AND  DEFORMED  BARS 

The  relation  between  bond  stresses  developed  by  plain  bars 
and  those  developed  by  deformed  bars  has  already  been  shown 
in  the  bond-slip  curves  and  in  Fig.  3.  In  order  to  provide  a 
definite  numerical  comparison,  the  information  of  Table  9  was 
prepared.  Results  given  for  coated  bars  are  the  average  for  all 
coatings  tested. 

TABLE  9. — Comparison  of  Bond  Stresses  in  Plain  and  Deformed  Bars 

[Values  given  are  averages  for  all  ages  and  all  conditions  of  storage] 


Treatment  of  tMir 

Bond  stress  at 
0.001-inch  slip 

Ratio, 

pUin 

tode- 

fanned 

Bond  stress  at 
0.01-incli  slip 

Ratio, 
plain 
to  de- 
formed 

bond  stress 

Ratfo, 
plain 

Plain 

De- 
formed 

Plain 

De- 
formed 

Plain 

De- 
formed 

to  de- 
formed 

Uncoated 

655 
288 

Lbs/in.2 
610 
220 

L07 
1.31 

Lbs/in.«  Lbe/in.« 
704          715 
348          293 

a99 
L19 

Lb8/in.« 

708 
400 

Lbs/in.« 

1153 
836 

a62 

Coated 

.48 

Conclusions  based  on  the  relation  of  bond  stresses  for  plain 
and  deformed  bars,  as  shown  in  Table  9,  must  be  qualified  by  the 
fact  that  the  method  of  applying  the  coatings  was  different  for 
the  plain  bars  from  that  used  for  the  deformed  bars.  This  sub- 
ject is  discussed  in  Section  II-14. 

13.  EFFECT  OF  VARIATIONS  IN  CONDITIONS  OF  STORAGE 

Fig.  3  shows  in  a  general  way  that  the  bond  strength  for  speci- 
mens six  months  old  was  considerably  higher  for  those  stored  in 
air  than  for  the  corresponding  specimens  stored  under  other  con- 
ditions. In  order  to  facilitate  comparison,  Table  10  has  been 
prepared.  This  table  shows  the  effect  on  the  bond  strength  of 
the  various  conditions  of  storage. 

With  plain  bars  continuous  storage  in  sea  water  produced 
about  the  same  effect  as  alternate  storage  in  sea  water  and  air. 
Bond  stresses  from  both  of  these  averaged  about  three-fourths  as 
high  as  those  developed  with  the  specimens  stored  in  air.  The 
effect  of  a  given  method  of  storage  does  not  show  consistent 
results  for  the  plain  and  deformed  types  of  bar,  but  in  general 
no  appreciable  difference  in  bond  stress  may  be  expected  between 
the  two  conditions  of  continuous  and  intermittent  exposure  to 
sea  water. 

The  improtected  ends  of  bars  were  much  more  badly  corroded 
in  the  case  of  intermittent  exposure  to  sea  water  than  in  the  case 
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of  continuous  exposiure,  but  examination  of  the  specimens  showed 
that  this  condition  did  not  extend  to  the  embedded  portion  of 
the  bars. 

TABLE  10.— Effect  of  Conditions  of  Storage  on  Bond  Strength 

[Mazimiiiii  bond  itreas  ior  various  methods  of  storage  in  percentage  of  mailmnm  bond  stress  far  storage  In 
damp  sand  28  days  and  in  air  5  months] 


Coating 

Plain  bars 

Deformed  bars 

Refer- 
ence 
letter 

Kind. 

28  days 

28  days 
Sea  water 
Smonths 

28  days 
Air  and 
sea  water 

Damp 

sand 

28  days 

Sea  water 
Smonths 

28  days 
Air  and 
sea  water 
Smooths 

A 

XJncoated 

Percent 
92 

Per  cent 

116 

Percent 
116 

Percent 
83 

Per  cent 
75 

Percent 
66 

Asphaltic 

C 
D 
F 

64 
67 
80 
50 
65 
59 

61 
64 
68 
58 

63 
64 

79 
69 
83 
54 
77 
63 

97 
65 
92 
87 
79 
68 

78 
98 
91 
105 
74 
69 

77 
58 

101 

G 
H 
M 

ATorage 

83 
59 
78 

64 

63 

71 

81 

86 

76 

Coal  tar 

B 

51 
76 

57 
81 

64 
97 

83 
87 

76 
82 

61 

N 

Average 

84 

64 

69 

81 

85 

79 

73 

B 
I 

84 
128 
43 
68 

74 
77 
37 
78 

77 
95 
37 
75 

81 
95 

89 
102 

60 
105 

K 

Average 

L 

59 

84 

64 

81 

66 

71 

78 

92 

76 

Metallic 

0 

81 
71 
105 

120 
89 
113 

63 
43 

87 
95 

p 

X 

Average 

129 

86 

107 
125 

36 
103 

78 

129 

53 
72 
77 
57 
76 

91 
84 
92 
84 
86 

Q 

J 
V 

Metal  spray 

Red  lead 

35 
67 
71 

56 

80 

Phosphate 

78 

75 

14.  EFFECT  OF  MANNER  OF  APPLYING  COATINGS 

In  order  to  determine  whether  or  not  the  bond  strength  of  coated 
bars  was  affected  by  the  manner  of  applying  the  coatings,  speci- 
mens were  made  with  four  paints,  C,  H,  K,  and  N  (see  Table  2), 
.using  three  methods  of  application.  These  paints  represented  the 
asphaltic,  ferric  oxide,  and  coal-tar  types.  The  bond-slip  curves 
for  this  particular  study  are  plotted  in  Figs.  23  to  38,  and  the 
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information  is  also  shown  in  Fig.  3.  The  ciu^es  show  some 
contradictory  results,  in  that  for  cases  which  are  comparable  the 
highest  bond  resistance  was  sometimes  obtained  with  painted  bars 
and  sometimes  with  dipped  bars. 

Table  11  shows  relative  values  of  bond  stresses  at  o.oi  inch 
slip  for  all  methods  of  applying  coatings.  For  convenience, 
results  from  painted  bars  have  been  taken  as  imity.  As  four 
paints  only  were  subjected  to  this  comparison,  the  relations  shown 
in  this  table  should  not  be  regarded  as  conclusive. 

TABLB  11.— Relative  Values  of  Bond  Resistance  at  0.01-Inch  Slip— Effect  of  Various 
Methods  of  Applying  Coating 


Method  0!  applying  coaHiig 

••€••  asphaltic 

-H^asphaltic 

-K"  fer- 
ric (Hide 

••ir*eqal 
tar 

Plftin 

Deionned 
bar 

Plain 
bar 

Deformed 
bar 

Plain 
bar 

Plain 
bar 

Pidntim 

Dipplnc 

1.00 

1.00 
a  19 

LOO 

1.00 

a84 

1.00 
1.46 
1.6S 

1.00 
a70 

Pft'nHnf  fl**4  — *v<<<*£  .... 

1.74 

..« 

.86 

^ 

15.  SUM 

[MART 

Restdts  of  this  series  of  tests  have  shown  a  wide  variation  in 
the  behavior  of  different  coatings.  A  few  of  the  restdts  may  be 
summarized  here  for  convenient  reference. 

(a)  The  maximum  bond  stress  developed  by  bars  which  had 
been  painted  was  generally  considerably  less  than  for  tmpainted 
bars,  but  the  reduction  in  maximum  bond  stress  due  to  galvaniz- 
ing and  some  similar  processes  was  less  than  that  due  to  painting. 

(6)  With  the  exception  of  certain  metallic  coatings,  the  maxi- 
mum bond  stress  for  plain  coated  bars  was  reached  after  consid- 
erably greater  slip  than  with  imcoated  bars.  The  amount  of 
slip  of  coated  bars  at  maximum  stress  was  often  0.02  to  0.03 
inch.  Furtliermore,  the  bond  resistance  did  not  decrease  as 
rapidly  as  with  imcoated  bars  with  continued  slip  after  the  maxi- 
mum load  had  been  reached.  Certain  metallic  coatings,  however, 
reached  maximum  bond  resistance  with  very  small  slip,  followed 
by  a  sudden  decrease  in  bond  load  with  increasing  sUp.  In  a 
reinforced  concrete  beam  imder  a  constant  load,  such  a  yielding 
kA  the  bond  resistance  might  cause  failure  without  warning. 

(c)  Coated  deformed  bars  apparently  slipped  considerably 
before  the  corrugations  or  lugs  reached  a  firm  bearing.  After 
this  had  taken  place,  the  increase  of  resistance  with  increase  of 
slip  was  similar  to  that  in  uncoated  deformed  bars. 
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(d)  The  bond  resistance  at  a  slip  of  o.ooi  inch  was  a  much 
smaller  proportion  of  the  maximtmi  bond  resistance  for  coated 
bars  than  for  imcoated  bars.  A  slip  of  o.ooi  inch  has  been  con- 
sidered by  some  ^  to  produce  critical  conditions  of  bond  stress  in 
a  beam. 

{e)  For  pull-out  specimens  employing  coated  bars,  continuous 
and  intermittent  storage  in  artificial  sea  water  resulted  in  bond 
strength  averaging  about  three-fourths  as  great  as  from  storage 
in  air. 

(/)  Sanding  of  painted  bars  tended  to  increase  the  bond  resist- 
ance in  a  number  of  cases;  also  dipping  bars  in  paint  often  resulted 
in  a  lower  maximiun  bond  stress  than  was  f oimd  for  bars  painted 
with  a  brush.  However,  the  effectiveness  of  the  manner  in  which 
a  coating  is  applied  seemed  to  depend  upon  the  natiu^e  of  the 
paint,  and  should  be  determined  by  test  in  every  case  in  which  it 
is  important  to  have  this  information. 

in.  TESTS  OF  REINFORCED  CONCRETE  BEAMS  WITH  TEN- 
SION BARS  LAPPED  IN  A  REGION  OF  UNIFORM  BENDING 

MOMENT 

1.  PRSLIMINART 

This  part  of  the  investigation  was  made  on  4  rectangular 
beams  under  two-point  loading.  Each  beam  had  a  onet-half-inch 
reinforcing  bar  spliced  in  the  region  of  imiform  bending  moment. 
The  length  of  the  lap  was  in  all  cases  41  inches  (82  diameters)  to 
insure  a  safe  splice.  The  object  in  making  tests  with  a  lap  of 
this  amotmt  was  to  secure  data  as  a  basis  for  recommendation  as 
to  the  length  of  lap  necessary  (i)  when  continuous  and  spliced 
bars  are  adjacent,  and  (2)  when  all  bars  are  spliced  at  the  same 
section.  There  are  a  niunber  of  other  conditions  which  should 
be  studied  in  this  kind  of  investigation,  but  it  was  not  feasible  to 
make  these  studies  in  connection  with  this  work. 

2.  DESCRIPnON  OP  SPECIMENS 

Four  beams,  10  feet  8  inches  long,  10  inches  wide,  and  12 
inches  deep,  were  made.  In  3  of  the  beams  the  tension  reinforce- 
ment consisted  of  6  plain  roimd  bars,  extending  the  full  length  of 
the  beam  (here  termed  through  bars),  and  2  short  bars  (here 
termed  lapped  bars),  extending  from  opposite  ends  of  the 
beam  to  a  point  2o>^  inches  beyond  the  center  of  the  span.  This 
gave  the  short  bars  a  lap  of  41  inches,  which  was  S3mimetrical 
about  the  center  line  of  the  span.     In  the  fourth  beam  no  through 

'  Abrams.  Bui.  71.  Hng.  Exp.  Sta.,  Univ.  of  Illinob. 
68890^20 3 
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bars  were  present,  but  the  lapped  bars  were  placed  in  the  same 
relative  positions  as  in  the  other  3  beams.  All  lapped  bars  were 
one-half  inch  plain  roimd.  All  bars  were  anchored  at  the  ends 
of  the  beams  by  means  of  semicircular  hooks.  The  lapped  bars 
had  no  mechanical  anchorage  at  the  ends  of  the  laps.  The 
ntmibers  and  sizes  of  bars  and  the  percentage  of  reinforcement 
in  the  several  beams  are  summarized  in  Table  12. 

TABLE  12. — ^Reinforcement  of  Beams  with  Lapped  Bars 


Thnmgh  bais 

Lapped  bars 

Rein- 
force- 
ment 

Ratioo 
area  of 
throuch 
bars  to 
lapped 
bars 

Beam  No. 

Number 

Diame- 
ter 

Number 

Diame- 
ter 

t^AAl             

0 
6 
6 
6 

Inch 

2 
2 
2 
2 

Inch 

Per  cent 
0.2 
1.4 
2.1 
2.9 

0 

tiLABl      

H 

6 

tAACl  

ia3 

tAADl * 

13.5 

o  Only  one  lapped  bar  considered  effective  for  determinins:  this  ratio. 

For  convenience  in  designating  gage  lines,  the  bars  were  num- 
bered consecutively  from  i  to  8,  beginning  with  the  bar  next  to 
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Section  A-A 


Dot  torn  at  Deam 

Fig.  39. — Details  of  test  heairis  with  lapped  bars 

the  south  side  of  the  beam  as  placed  in  the  testing  machine, 
except  for  the  beam  having  only  the  lapped  bars.  In  this  case 
the  bars  were  numbered  4  and  5,  the  numbers  given  corresponding 
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to  the  numbers  of  the  lapped  bars  in  all  the  other  beams.  Fig. 
39  shows  the  arrangement  of  the  reinforcing  bars  in  each  beam. 
To  prevent  failure  by  diagonal  tension,  nine  stirrups,  made 
from  one-half -inch  plain  roimd  bars,  were  placed  near  both  ends 
of  each  beam.  Exposure  at  spots  on  the  tension  bars,  for  the  pur- 
pose of  taking  strain  gage  readings,  was  provided  for  by  placing 
wooden  blocks  in  the  bottom  of  the  forms  across  the  beams  at 
each  row  of  gage  points  before  pouring.  These  blocks  were  about 
three-fourths  inch  wide  and  i^  inches  high  and  extended  the  full 
width  of  the  beam.  They  were  tapered  slightly  to  facilitate 
removal. 

The  reinforcing  steel  used  was  of  the  quality  known  as  shell 
discard.     Average  results  of  physical  tests  are  given  in  Table  13. 

TABLE  13.— Physical  Properties  of  Reinforcing  Steel  Used  in  the  Beam  Tests 


Diameter 


One-luaf  inch 

Ftve-eighfbs  6ich . 
Thrae^fourtlit  inch 


Yield 
pohit 


Lbs./fai.3 
64  000 
50  000 
54  000 


Ultimate 
tensile 
strength 


Lbs./in.> 
105  000 
90  000 
93  000 


Elonga- 
tion in 
8  inches 


Per  cent 
16 
21 
20 


Reduc- 
tion of 
area 


Percent 
27 
46 
21 


3.  MATERIALS 

The  concrete  was  mixed  in  the  approximate  proportions  of 
1:1:1,  by  volume.  The  quantities  of  the  materials  were  deter- 
mined by  weight.  A  rich  mix  was  chosen  in  order  to  make  the 
conditions  closely  similar  in  this  respect  to  those  in  concrete  ship 
construction.  The  fine  aggregate  was  of  two  sizes:  (i)  A  bank 
sand,  all  of  which  passed  a  one-eighth-inch  screen;  and  (2)  screen- 
ings from  the  gravel  varying  from  one-eighth  to  one-foiuth  inch. 
The  coarse  aggregate  consisted  of  pebbles  from  one-fourth  to  one- 
half  inch  in  size.  Lehigh  Portland  cement  was  used,  samples  of 
which  were  tested  at  the  Biu-eau  of  Standards,  Washington,  D.  C, 
and  f oimd  to  conform  to  the  United  States  Government  specifica- 
tions for  Portland  cement.^ 

4.  MAKING  OF  SPECIMENS 

The  blocks  of  wood  used  to  expose  the  steel  for  strain  gage 
readings  were  tacked  to  the  bottom  of  the  form,  and  the  tension 
bars  were  fastened  to  them.  A  steel  stub,  one-half  inch  in  diameter 
and  4>^  inches  long,  was  placed  at  the  imanchored  end  of  each 
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lapped  bar  with  the  intention  of  taking  readings  with  the  strain 
gage  between  the  stub  and  the  end  of  the  lapped  bar.  The  stirrups 
were  securely  wired  to  the  tension  reinforcement,  and  were  held  in 
place  at  the  top  of  the  beam  by  wiring  them  to  a  one-half  inch 
plain  round  bar  which  extended  the  full  length  of  the  beam.  The 
same  form  was  used  for  all  four  beams. 

The  concrete  was  mixed  in  a  "Wonder"  batch  mixer  of  about 
3  cubic  feet  capacity.  Sufficient  aggregate  for  each  beam  was 
taken  from  the  storage  bin,  thoroughly  mixed,  and  its  moisture 
content  was  determined.  Enough  water  was  added  to  bring  the 
total  water  content  to  13  per  cent  of  the  total  dry  weight  of  the 
batch.  Each  batch  was  mixed  for  five  minutes  at  the  rate  of 
12  revolutions  per  minute,  dtunped  into  a  tight  boxj  and  carried 
by  a  traveling  crane  to  the  form.  As  the  concrete  was  shoveled 
into  the  form,  it  was  puddled,  and  the  form  was  jarred  with 
hand  hammers.  Six  6  by  1 2  inch  cylinders  were  made  with  each 
beam,  3  to  be  tested  at  the  age  of  7  days,  and  3  at  the  same 
age  as  the  beam  when  tested.  Results  of  the  tests  of  these  speci- 
mens are  shown  in  Table  14. 

TABLE  14.~Stren^  of  Beams  and  Control  Cylinders 


Cylinder  itrenglli 

Beam  No. 

iMdo 

7  6My9 

27  days 

8AAA1 

Pounds 

5600 

55  ISO 

51  300 

76  400 

Lbt./ln.s 
3195 
3355 
3050 
3040 

Lb8Vin.s 
4830 

8AAB1 

5465 

8AAC1 

5215 

8AAD1 

4575 

a  Beams  28  days  old  when  tested. 

The  beams  were  removed  from  the  forms  24  hours  after  pour- 
ing and  were  covered  with  wet  burlap,  which  was  sprinkled  each 
day  until  the  beams  were  prepared  for  the  test. 

5.  METHOD  OF  TESTING 

The  tests  were  made  in  a  300  ooo-potmd  Olsen  testing  machine. 
Before  placing  the  specimen  in  the  testing  machine,  holes  were 
drilled  in  the  reinforcing  bars  for  strain  gage  readings.  The  sides 
and  bottom  of  the  beam  were  whitewashed  to  facilitate  the  detec- 
tion of  cracks. 

At  each  gage  hole  on  the  lapped  bars  a  spot  of  whitewash  was 
placed  on  the  exposed*  bar  and  on  the  concrete  immediately 
adjoining  it  to  aid  in  the  detection  of  slip  at  the  lap  during  the 
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Fig.  40. — Beam  in  testing  machine  ready  for  application  of  load 
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test.  The  same  procedure  was  followed  on  the  through  bars  at 
the  gage  holes  nearest  the  load  pomts.  It  was  found  that  these 
whitewashed  spots  gave  a  sensitive  means  of  detecting  any  slip, 
as  a  minute  movement  was  unfailingly  shown  by  a  crack  in  the 
whitewash  on  the  sides  of  the  spot  parallel  to  the  direction  of 
sUpping. 

The  beams  were  placed  in  the  testing  machine  with  the  tension 
side  uppermost,  and  were  supported  on  the  base  of  the  machine 
at  two  points,  each  of  which  was  2  feet  i  inch  from  the  center 
of  the  beam.  They  were  loaded  at  the  ends  of  the  span  through 
the  medium  of  an  H  beam  attached  to  the  moving  head  of  the 
testing  machine.  Fig.  40  is  a  view  of  one  of  the  beams  in  the 
testing  machine. 

Since  the  points  of  support  in  these  tests  corresponded  to  the 
load  points  of  beams  tested  in  the  normal  position,  they  will  be 
referred  to  in  this  paper  as  load  points.  The  span  was  9  feet  6 
inches.  Deflections  were  measured  at  the  center  of  the  beam. 
Readings  of  deformation  were  taken  with  a  Berry  strain  gage  on 
each  of  the  bars  in  a  series  of  10  consecutive  gage  lines,  each  4 
inches  long,  5  gage  lines  being  taken  on  each  side  of  the  center 
line  of  the  span.  For  each  gage  line  on  a  lapped  bar  there  was 
a  gage  line  beside  it  on  each  through  bar. 

Sections  through  a  beam  bisecting  a  gage  line  on  each  bar  were 
designated  by  letters  from  A  to  K,  inclusive,  except  that  letter  J 
was  omitted.  Any  gage  line  is  identified  by  its  section  letter  and 
bar  number;  thus  K6  indicates  the  gage  line  which  is  cut  by  sec- 
tion K  of  bar  No.  6.  Bar  No.  5  ended  near  section  A,  and  bar 
No.  4  near  section  K,  beyond  the  lettered  section  in  each  Case. 

Three  sets  of  strain  gage  readings  were  taken  at  low  loads  on 
each  beam  to  ftimish  a  double  check  on  the  accuracy  of  the  zero 
readings.  As  the  test  proceeded,  strain  gage  readings  were  taken 
at  various  increments  of  load;  length  and  direction  of  cracks  were 
observed  with  corresponding  loads;  and  the  whitewashed  obser- 
vation points  were  watched  to  detect  any  slip  of  the  lapped  bars. 
As  the  strain  gage  readings  were  taken  on  both  sections  of  the 
spliced  bar  at  the  lap,  they  are  treated  as  two  bars  when  discussing 
the  phenomena  of  the  lap,  but  considered  as  only  one  bar  effective 
as  tension  reinforcement. 

6.  PHENOMENA  OF  THE  TESTS 

(a)  Beam  8AAA1,  potu-ed  on  November  22,  1918,  was  set  up 
for  Resting  on  December  20.  This  beam  had  as  tension  reinforce- 
ment two  short  one-half-inch  plain  roimd  bars,  lapped  41  inches 


Digitized  by 


Google 


38  Technologic  Papers  of  the  Bureau  of  Standards 

at  the  center  of  the  beam,  and  no  through  bars.  These  bars  were 
given  the  numbers  4  and  5  smce  they  corresponded  in  positions 
with  bars  4  and  5  of  the  other  beams.  Strain  gage  readings  were 
taken  at  applied  loads  of  1000,  2000,  3000,  4000,  5000,  and  5600 
pounds. 

Further  details:  No  cracks  appeared  until  a  load  of  3000  pounds  had  been  applied. 
At  this  load  a  small  tension  crack  3>^  inches  long  opened  up  in  the  nortiiwest 
quarter,  20X  inches  from  the  center  of  the  beam.  A  similar  crack  in  the  same 
relative  position  showed  in  the  northeast  quarter  of  the  beam.  A  small  crack  about 
I  inch  long  showed  at  the  center  of  the  beam.  Cracking  on  the  south  face  of  the 
beam  was  similar  to  that  on  the  north  face.  These  cracks  started  from  the  depressions 
left  in  the  concrete  by  the  wooden  blocks  used  to  expose  the  reinforcing  bars  at  the 
gage  holes. 

At  a  load  of  4000  pounds  the  crack  in  the  northwest  quarter  increased  slightly  in 
length.  On  the  southeast  face  several  very  fine  cracks  opened  up,  showing  no 
connection  with  each  other  and  no  tendency  to  take  the  same  general  direction. 
Each  was  about  iK  inches  long. 

At  a  load  of  5000  pounds  the  crack  in  the  northwest  qtuttter  had  extended  about 
loX  inches  into  the  beam  and  had  increased  very  much  in  width.  It  showed  in 
similar  manner  in  the  southwest  quarter.  A  small  crack  about  4X  inches  long 
opened  up  on  the  northeast  face.  After  about  one  hour  the  load,  which  had  fallen 
off  slightly,  was  brought  up  to  5000  pounds,  and  another  set  of  strain  gage  readings 
was  taken.  No  new  cracks  had  appeared.  Upon  increasing  the  load  to  5300  pounds 
the  tension  crack  at  the  east  load  point  opened  suddenly,  and  the  load  fell  off  slightly 
with  the  machine  running;  but  it  immediately  picked  up  and  increased  to  5600 
pounds,  which  was  the  maximum  load  attained.  The  machine  was  kept  running 
for  some  time  after  the  maximtun  load  was  reached,  the  beam  holding  up  a  load  ai 
3900  pounds. 

After  removing  the  beam  from  the  testing  machine,  an  examination  showed  that 
bar  No.  4  had  slipped  0.26  inch  at  the  tmanchored  end.  On  this  bar  all  the  white- 
washed points  showed  the  bond  broken  between  steel  and  concrete  and  also  indicated 
considerable  movement  of  the  bar.  No.  4  showed  movement  at  all  of  the  observation 
points  except  the  two  nearest  the  tmanchored  end.  These  points  were  three- fourths 
inch  and  4^  inches,  respectively,  from  the  unanchored  end.  All  of  the  other  white- 
washed observation  points  showed  a  disturbance  of  the  bond  by  fine  cracks  in  the 
whitewash  parallel  to  the  bar,  but  whatever  movement  there  was  in  the  bar  was  too 
small  to  measure  by  any  means  available. 

(6)  Beam  8AAB1 ,  poured  on  December  3,  was  tested  on  Decem- 
ber 31.  The  tension  reinforcement  of  this  beam  consisted  of  six 
one-half-inch  plain  roimd  through  bars  and  two  one-half-inch 
plain  roimd  short  bars  lapped  41  inches  at  the  center  of  the  beam. 
Strain  gage  readings  were  taken  at  loads  of  1000,  3000,  5000, 
8000,  22  000,  36  000,  50  000,  and  55  150  poimds. 

Further  details:  At  a  5000-pound  load  two  very  fine  cracks  showed  in  the  south- 
west quarter  and  one  in  the  northwest  quarter.  These  cracks  were  short  tension 
cracks  outside  of  the  load  points. 

At  an  8000-pound  load  small  tension  cracks  appeared  in  all  the  quarters,  none  of 
which  were  over  3  inches  long.  Very  fine  cracks  appeared  at  the  ends  of  the  lapped 
bars,  also  at  the  center  of  the  beam. 
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Vto.  41.— B«aM  8AAAt;  lapped  bars  only.    Sections  A-F 
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F^o.  43.— BMfw  8AAA1;  lapped  bars  only.    Sections  G-K 
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Fig.  43. — Beam  8AAB1;  one-hay  inch  through  and  one-haJf  inch  lapped  bars.    Sections 

A-C 


Flo.  44.— Beam  8AAB1;  one-half  inch  through  and  one-ka^  inch  tapped  bars.    Sections 

D-F 
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At  a  33  000-pound  load  cracks  opened  up  uniformly  in  all  quarters  and  extended 
up  into  the  beam  about  7  inches.  Between  the  load  points  tension  cracks  were  quite 
uniformly  spaced  and  extended  into  the  beams  about  6K  inches.  No  disturbance 
of  the  bond  of  the  lapped  bars  could  be  seen  at  any  of  the  observation  points. 


Fig.  45. — Beam  8AAB1;  one-half  inch  through  and  one-ha^inch  lapped  bars.    Sections 

G-H 

At  a  load  of  3d  000  pounds  all  the  cracks  had  lengthened  an  appreciable  amount, 
but  showed  no  great  increase  in  width.  Bar  No.  4  showed  the  bond  broken  at  the 
first  two  observation  points  on  the  tmanchored  end  at  readings  K4  and  I4.  None 
of  the  other  points  showed  any  movement. 


Fio.  46. — Beam  8AAB1;  one-half  inch  through  and  one-half  inch  lapped  bars.    Sections 

At  a  50  ooo-poxmd  load  the  observation  points  on  No.  4  lapped  bar  showed  move- 
ment from  the  unanchored  end  to  4  inches  beyond  the  center  of  the  beam.  On  No. 
5  bar  the  observation  points  from  the  unanchored  end  to  the  center  of  the  beam 
showed  movement.    All  of  the  cracks  had  increased  in  ^-idth,  particularly  the  one 
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at  the  east  end  of  the  lapped  bar.    The  cracks  outside  of  the  load  points  had  the 
direction  of  diagonal  tension  cracks. 

The  load  increased  to  55  150  pounds  and  then  dropped  slightly,  and  it  was  evident 
from  the  width  of  the  tension  cracks  that  the  yield  point  of  the  steel  had  been  reached. 
Strain  gage  readings  were  taken.  The  No.  4  bar  showed  slip  from  the  tmanchored 
end  to  12  inches  beyond  the  center  of  the  beam.  Bar  No.  5  showed  movement  at 
all  the  observation  points  to  the  center  of  the  beam.  The  load  continued  at  about 
54  000  potmds  for  some  time,  falling  off  very  slowly  with  the  machine  running.  The 
test  was  discontinued  after  the  center  deflection  had  reached  1.35  inches.  The 
observation  points  on  bar  No.  5  from  the  unanchored  end  to  12  inches  beyond  the 
center  of  the  beam  and  those  on  bar  No.  4  from  the  unanchored  end  to  16  inches 
beyond  the  center  of  the  beam  showed  movement.  No  slip  of  the  through  bars  was 
observed. 

(c)  Beam  8AAC1,  poured  on  November  29,  was  made  ready 
for  test  December  27.  This  beam  had  six  five-eighths-inch  plain 
roimd  through  bars  and  two  short  sections  of  one-half -inch  plain 
roimd  bars  lapped  at  the  center  of  the  beam  for  tension  rein- 
forcement. Strain  gage  readings  were  taken  at  loads  of  1000, 
3000,  5000,  ID  GOD,  30  000,  50  GOD,  and  51  000  potmds. 

Further  details:  At  a  load  of  3000  pounds  one  small  crack*  developed  in  the  south- 
east quarter  at  the  end  of  the  lapped  bar. 

At  the  5000-pound  load  a  similar  crack  showed  in  the  northeast  quarter. 

At  the  10  ooo-pound  load  a  small  crack  in  the  southeast  quarter  extended  about  3 
inches  parallel  to  the  horizontal  steel.  Small  tension  cracks  showed  in  all  quarters 
between  the  load  points  and  the  supports. 

At  the  load  of  30  000  pounds  several  cracks  appeared  between  the  load  points 
extending  about  halfway  up  the  sides  of  the  beam.  Outside  of  the  load  points  there 
were  two  or  three  cracks  in  each  quarter,  those  in  the  northwest  quarter  having  the 
direction  of  diagonal  tension  cracks.  None  of  the  observation  points,  coxisisting  of 
patches  of  whitewash  on  the  bars,  showed  distiu-bance  of  bond.  The  crack  in  the 
southeast  quarter  parallel  to  the  horizontal  bars  showed  a  slight  extension,  and  most 
of  the  cracks  in  all  of  the  quarters  showed  branches  parallel  to  the  horizontal  bars. 

At  a  50  ooo-pound  load  diagonal  tension  cracks  showed  in  all  the  quarters.  The 
cracks  between  the  load  points  had  opened  wider  and  extended  deeper  into  the  beam. 
Bar  No.  5  (lapped)  showed  slip  at  all  the  observation  points  from  the  free  end  to  8 
inches  beyond  the  center  of  the  beam.  Bar  No.  4  showed  movement  at  all  the  points 
from  the  free  end  to  the  center  of  the  beam.  The  outside  through  bar  on  the  north 
side  showed  slip  at  the  observation  point  nearest  the  west  load  point.  Horizontal 
cracks  along  the  outside  bars  between  load  points  became  somewhat  longer.  Also 
outside  of  load  points  horizontal  cracks  extended  toward  the  ends  of  the  beams. 

On  starting  the  testing  machine  the  load  increased  to  51  300  pounds,  then  dropped 
to  51  000  pounds.  The  size  of  the  cracks  showed  that  the  yield  point  of  the  steel  had 
been  reached.  A  set  of  strain  gage  readings  was  taken.  The  first  observation  point 
at  the  unanchored  end  of  bar  No.  4  was  the  only  one  unbroken  on  the  lapped  bars. 
The  whitewashed  observation  points  were  broken  on  the  two  outside  bars  at  readings 
A7  and  A8,  also  at  Ki,  K2,  K3,  K5,  and  K8,  showing  the  slip  of  these  bars. 

Loading  was  continued,  and  cracks  opened  up  uniformly  between  the  load  points. 
The  load  continued  at  about  50  000  pounds  for  some  time.  After  the  center  deflection 
had  reached  0.87  inch  the  test  was  discontinued.  The  load  at  this  point  was  49  700 
potmds.  « 
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Pig.  47 . — Beam  8 A  A  Ci;  five-eighths  inch  through  and  one-half  inch  lapped  bars.    Sections 

A-C 


I 


Fig  .  48. — Beam  8 A  AC i; five-eighths  inch  through  and  one-hay  inch  lapped  bars.    Sections 

D-F 
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(d)  Beam  8AAD1,  poured  on  November  26,  was  set  up  for 
test  December  24.  This  beam  had  for  tension  reinforcement  six 
three-fourths-inch  plain  roimd  through  bars,  anchored  at  both 


Fig.  49. — Beam  8 A  A  Ci;  five-eighths  inch  through  and  one-half  inch  lapped  bars.    Sections 

G-H 

ends  of  the  beam,  and  two  short  sections  of  one-half-inch  plain 
round  bars  lapped  at  the  center  of  thebeam,  On  removing  the 
wooden  blocks  to  drill  the  reinforcing  bars  for  strain  gage  readings, 


Fto.  50. — Beam  8AACi;five-^hths  inch  ihirough  and  one-half  inch  lapped  bars.    Sections 

the  concrete  around  the  bars  was  found  to  be  porous.  Fig.  51 
shows  a  view  of  the  bottom  of  this  beam.  All  the  concrete  be- 
tween the  blocks  was  removed  and  a  rich  mortar  carefully  placed 
aroimd  the  bars  and  rounded  oflf  above  them.     This  was  done  a 
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Fig.  51. — Porous  condition  around  reinforcing  bars  0/  beam  8AAD1 
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Fio.  52. — Beam  8AAD1;  ikree-fourihs  inch  ihrough  and  one-half  inch  lapped  bars.    Sec- 
tions A-C 


Fio.  53.— Beoffi  8AAD1;  ihre&/aurihs  inch  through  and  ow-ha^inch  lapped  bars.    Sec- 
tions D-F 
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week  before  the  test.  Strain  gage  readings  were  taken  at  loads 
of  looo,  3000,  5000,  15  000,  35  cxx),  65  000,  76  400,  and  73  000 
potmds. 


Fig.  54. — Beam  8AAD1;  tkree-fourihs  inch  ihrotigh  and  one-hay  inch  lapped  bars.    Sec- 
tions G-H. 

Further  details:  At  a  load  of  3000  pounds  fine  cracks  showed  in  the  sections  at  the 
free  ends  of  the  lapped  bars. 

At  a  load  of  5000  pounds  more  fine  cracks  showed,  but  except  for  one  on  the  south- 
east face,  none  were  over  2  inches  long. 


Flo.  55. — Beam  8AAD1;  three-faurihs  inch  through  and  one-half  inch  lapped  bars.    Sec- 
tions I-K 

At  a  load  of  15  000  pounds  cracks  showed  considerable  development.  Horizontal 
cracks  appeared  along  the  outside  tension  bars  at  each  end  of  the  beam.  No  breaking 
of  the  bond  at  the  observation  points  was  observed  at  this  load. 
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At  a  load  of  35  000  pounds  diagonal  tension  cracks  showed  in  all  quarters,  and  tension 
cracks  appeared  at  the  center  of  the  beam.  The  first  two  observation  points  at  the 
free  end  of  each  of  the  lapped  bars  showed  slip. 

With  a  load  of  50  000  pounds  on  the  beam,  the  whitewashed  observation  points 
showed  movement  of  the  lapped  bars  for  four  consecutive  points  from  the  free  ends 
of  the  bars. 

At  a  load  of  65  000  poimds  slip  was  observed  at  seven  consecutive  points.  No  move- 
ment of  the  through  bars  was  observed.  While  standing  at  the  load  of  65  000  poimds, 
two  more  observation  points  on  bar  No.  5  and  one  more  on  bar  No.  4  showed  movement. 

At  a  load  of  76  400  poimds  cracks  following  the  outer  horizontal  bars  showed  through- 
out the  full  length  of  the  bars,  following  around  the  hooks  at  the  southwest  and  north- 
east comers.  The  whitewashed  observation  points  showed  that  the  two  outer  through 
bars  had  slipped.  One  of  the  lapped  bars  showed  slip  at  all  the  points  of  observation. 
The  other  bar  showed  slip  at  all  but  the  observation  point  nearest  the  free  end.  The 
concrete  started  to  split  off  at  the  southwest  comer  arotmd  the  hooked  end  of  the  outer 
through  bar.  There  was  originally  a  three-thirty-seconds-inch  covering  of  concrete 
over  the  bar  at  this  point.  This  reading  was  taken  at  the  maximum  load.  Although 
the  shearing  stress  at  this  load  was  465  pounds  per  square  inch  there  was  no  indication 
that  failure  due  to  this  cause  was  approaching. 

The  load  dropped  off  to  73  000  poimds  and  remained  at  this  point  for  some  time 
with  the  machine  running.  The  size  of  cracks  indicated  that  the  stress  in  the  steel 
was  re^hing  the  yield  point,  and  so  a  set  of  readings  was  taken.  The  readings  at  this 
load  showed  the  steel  to  be  overstressed  in  the  locality  of  these  cracks. 

Loading  was  resumed  at  constant  speed.  The  load  fell  off  to  68  000  poimds  and  con- 
tinued at  this  point  for  some  time,  or  tmtil  a  failure  by  compression  of  the  concrete  on 
the  top  of  the  beam  at  the  center  of  the  span  occurred. 

This  failure  was  sudden  and  accompanied  by  a  sharp  report.  On  the  northeast  cor- 
ner the  concrete  had  spalled  off  in  about  the  same  manner  as  at  the  southwest  comer, 
due  to  slipping  of  the  hooked  end  of  the  outside  bar.  The  other  comers  were  not 
affected.  The  other  three-fourths-inch  bars  did  not  show  any  failure  of  bond  except 
at  the  region  where  the  stress  exceeded  the  yield  point  of  the  steel.  All  the  points 
of  observation  on  the  lapped  bars  which  were  covered  with  whitewash  showed  move- 
ment.   The  movement  of  the  ends  of  these  bars  was  over  one-half  inch. 

7.  GENERAL  RESULTS 

Table  14  gives  some  of  the  results  of  these  tests. 

Fig.  56  shows  a  view  of  all  the  beams  after  test.  The  cracks  are 
shown  by  broken  lines.  Fig.  63  gives  the  load-deflection  diagrams 
for  all  the  beams.  Figs.  43  to  56  give  load-stress  diagrams  for  all 
the  gage  lines  for  various  sections  of  the  portions  of  the  beams  imder 
uniform  bending  moment. 

8.  DISTRIBUTION  OF  TENSILE  STRESS  AMONG  BARS 

Figs.  57  to  62  give  the  intensity  of  tensile  stress  among  the 
bars  across  the  beams  at  various  sections.  Two  loads  are  repre- 
sented in  each  case.  The  average  tensile  stress  for  all  bars  at  each 
load  is  shown  by  a  broken  line.  A  study  of  these  diagrams  shows 
that  there  was  a  point  on  each  lapped  bar  beyond  which  there  was 
a  falling  off  of  the  stress  due  to  the  slipping  of  the  free  end  of  the 
bar.  Proceeding  from  this  point  toward  the  end  of  the  bar,  the 
intensity  of  stress  steadily  decreased,  and  the  stress  in  the  other 
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Fto.  $y.—Beam  8AABl,    Sections  A ,  C,  and  E 
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3        ^         ^ 
Bar  Number 

Fig.  59. — Beam  8AAC1,    Sections  A,  C,  and  E 
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Fig.  6i.— Beam  8AAD1,    Sections  A ,  C,  end  E 
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Bar  number 

Fio.  62.— Beam  8AAD1.    Sections  F,  H,  and  K 
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bars  of  the  beams  increased  correspondingly  at  the  same  sections. 
In  most  cases  the  increase  in  stress  was  greater  in  the  through 
bars  immediately  adjacent  to  the  lapped  bars  than  in  the  other  bars 
of  the  beam.  However,  this  tendency  is  not  pronomiced,  and  there 
is  no  evidence  that  it  is  affected  by  the  variation  in  the  propor- 
tional areas  of  through  and  of  lapped  bars. 
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Fig.  63. — Load-defleciion  diagrams  for  all  beams 
9.  DISTRIBUTION  OF  TENSILE  STRESS  ALONG  BARS 

Figs.  64  and  65  show  the  distribution  of  tensile  stress  as  measured 
on  the  lapped  bars  for  each  of  the  beams.  For  the  beams  with 
through  bars,  the  average  tensile  stress  for  all  the  through  bars  at 
the  corresponding  sections  is  shown  by  a  broken  line.  Curves 
are  given  for  loads  giving  computed  stresses  of  16  000  and  40  000 
pounds  per  square  inch  in  the  tension  bars. 

The  curve  for  beam  8AAD1,  Fig.  65,  at  a  computed  stress  of 
40  000  potmds  per  square  inch,  shows  that  the  stress  in  one  of  the 
bars  of  the  lap  did  not  become  equal  to  that  in  the  adjacent 
through  bars  within  the  length  of  the  splice.     This  was  probably 
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due  to  the  porous  condition  of  the  original  concrete  arotind  the 
tension  reinforcement  of  this  beam. 
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Fig.  64. — Distribution  of  tensik stress  along  lapped  bar  in  beam  8AAA1 

The  curves  for  beam  8AAA1 ,  Fig.  64,  are  for  a  higher  computed 
stress  than  40000  pounds  per  square  inch.  At  the  load  which 
gives  40  000  potmds  per  square  inch  computed  stress,  cracking  had 


Fig.  65. — Distribution  of  tensile  stress  along  lapped  bar  in  beams  8AAB1,  8AAC1,  and 

8AAD1 

not  developed  sufficiently  to  cause  the  tension  reinforcement  to 
carry  all  the  tensile  stress  unaided  by  the  concrete. 
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Figs.  66  and  67  show  the  distribution  of  bond  stress  along  the 
bars  of  the  lap  for  the  three  beams  with  through  bars.  Each  curve 
is  the  average  for  the  two  lapped  bars  of  a  beam.  The  values 
plotted  are  proportional  to  the  differences  in  tensile  stress  as 
measured  by  the  strain  gage  on  consecutive  gage  lines,  starting 
at  the  free  end  of  the  bar.  Curves  for  two  loads  are  given.  The 
curve  for  the  lower  load  of  each  beam  shows  the  distribution  of 
bond  stress  along  the  bar  when  the  bond  stress  at  the  free  end  of 
the  bar  is  at  or  near  the  maximum.    The  curves  for  the  higher  loads 
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IPiG,  66. — Dtstribuiion  of  bond  stress  along  lapped  bars  in  beams  SAABi^  8AAC1, 

andSAADi 

have  the  same  general  form,  but  here  the  bond  stress  does  not  de- 
crease to  zero  before  the  end  of  the  lap  of  the  adjacent  bar  is 
reached.^ 

In  the  recorded  bond  stresses  no  correction  has  been  made  for 
the  area  of  steel  left  exposed  by  the  wooden  blocks  placed  in  the 
concrete  for  the  purpose  of  locating  the  strain  gage  readings  on 
the  steel.  This  area  would  amount  to  about  5  per  cent  of  the 
total  surface  area  of  the  steel  between  gage  points.  Near  the 
unanchored  end  of  the  lapped  bars  individual  maximum  bond  stress 
values  may  be  found  which  are  about  75  per  cent  of  the  average 
values  given  in  the  first  part  of  this  report  for  pull-out  tests  of 
uncoated  plain  square  bars. 
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11.  SLIP  OF  BARS 

Fig.  68  shows  the  progress  of  slip  along  the  bars  of  the  lap 
from  the  free  ends  to  the  ends  of  the  splice  for  the  same  loads 
as  those  for  which  the  bond-stress  curves  are  given.  Each  cmrve 
is  the  average  for  the  two  lapped  bars  of  a  beam. 

The  slip  for  any  point  on  the  lapped  bar  at  any  load  was  ob- 
tained by  subtracting  the  sum  of  the  measured  deformations 
between  that  point  and  a  point  where  evidently  no  slip  had  oc- 
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Fio.  67. — DiiiribuHon  of  bond  stress  along  lapped  bars  in^eams  SAABi,  8AAC1,  and 

SAADiat  higher  loads 

curred  from  the  sum  of  the  corresponding  deformations  of  the 
adjacent  through  bars.  The  original  plan  of  measuring  the  slip 
of  the  end  of  the  lapped  bar  was  not  used  on  accoimt  of  the  fact 
that  in  all  cases  a  crack  opened  between  the  stub  and  the  end  of 
the  bar.  This  caused  an  indeterminate  error  in  the  measturement 
of  the  slip,  as  taken  by  the  strain  gage,  equal  to  the  width  of 
the  crack. 

A  comparison  of  the  bond-stress  curves  for  the  load  which 
gives  the  maximum  bond  stress  at  the  end  of  the  lapped  bar, 
Fig.  66,  with  the  slip  curves  for  the  same  loads,  Fig.  68,  shows 
that  the  maximum  bond  stress  at  the  end  of  the  bar  occurred  at  a 
very  small  slip.  However,  the  bond  stress  at  the  end  of  the  bar 
fell  off  slowly  from  the  maximum,  and  with  a  slip  twice  as  great 
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as  that  which  gave  the  maximum  the  bond  stress  was  not  very 
much  reduced.  This  action  is  evidently  due  to  frictional  bond 
resistance.    The  slipping  of  the  hooked  bars  of  beam  8AAD1 
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Fig.  68. — Distribution  of  slip  along  lapped  bars  in  beams  8AAB1,  8AAC1, 

andSAADi 

at  the  maximimi  load  indicates  that  the  bond  resistance  was 
insuflBicient  to  develop  the  full  tension  which  existed  in  the  bar 
and  that  the  hooks  were  coming  into  action  in  furnishing  anchor- 
age.   The  computed  bond  stress  at  the  maxmiiun  load  was  about 
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300  pounds  per  square  inch  or  6  per  cent  of  the  compressive 
strength  of  the  concrete  and  th^  computed  tensile  stress  was 
about  62  000  pounds  per  square  inch.  The  lack  of  concrete  in 
contact  with  the  bars  over  a  considerable  distance  probably 
contributed  to  this  slipping.  The  condition  of  this  beam  is 
shown  in  Fig.  51.  The  same  figure  indicates  that  at  least  in 
the  middle  portion  of  the  beam  the  outside  bars  were  much 
closer  to  the  sides  of  the  beam  than  is  called  for  in  Fig.  39.  If 
the  condition  at  the  end  of  the  beam  was  similar  to  that  at  the 
center  of  the  span,  the  bars  were  closer  to  the  side  of  the  beam 
than  ordinary  good  practice  would  approve  and  this' defect  is 
probably  responsible  for  the  biu-sting  of  the  hooked  end  of  the 
bar  through  the  side  of  the  beam. 

12.  LENGTH  OF  LAP  REQmRED  FOR  BEAMS  WITH  THROUGH  BARS 

To  serve  as  a  basis  for  analysis,  it  may  be  assvuned  that  for  any 
given  tensile  stress  the  safe  length  of  lap  is  the  distance  from  the 
free  end  of  the  bar  to  the  point  where  the  tensile  stress  in  the 
lapped  bar  becomes  constant  or  equal  to  the  stress  in  an  adjacent 
through  bar.  If  the  lap  furnished  is  less  than  this,  the  tensile 
stresses  in  the  through  bars  at  the  ends  of  the  lap  must  be  greater 
than  the  value  computed  by  the  equation 

unless  the  difference  in  stress  is  taken  up  by  the  concrete  in 
tension.  This  is  based  on  the  asstunption  that  the  entire  lap 
lies  within  a  region  of  constant  bending  moment. 

With  this  assumption  as  a  basis,  Fig.  69  has  been  prepared. 
The  data  from  the  beam  without  through  bars  were  not  used  in 
this  figure.  The  amount  of  reinforcement  for  this  beam  was 
very  small;  consequently,  the  concrete  took  a  large  portion  of  the 
tensile  stress,  and  the  stress  curves  for  the  steel  were  too  erratic 
for  use  in  this  way.  The  ordinates  of  the  points  given  represent 
the  distance  from  the  ends  of  the  lapped  bars  at  which  the  meas- 
ured stresses  shown  as  abscissas  were  developed.  A  straight 
line  represents  fairly  well  the  mean  of  the  values  shown  by  the 
points.    The  equation  of  this  line  is 

s  -0.00059  /s,  where  (i) 

s  —distance  in  inches  from  end  of  lapped  bar  to  a  point  where 

the  bond  stress  becomes  zero  imder  a  given  load,  and 
/.—the   tensile   unit   stress   computed   from   the   corresponding 

bending  moment. 
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It  is  possible  that  further  investigation,  using  plain  bars  of  diam- 
eters other  than  one-half  inch,  or  deformed  bars,  would  yield  a 
different  constant  in  this  equation.  A  further  modification  would 
probably  be  produced  by  using  concrete  mixed  in  other  propor- 
tions than  i:  I  :  i. 
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Compufed  Tensi/e  Sfre^s^  fJb.p^r^scf.  /n. 

FtG.  69. — Relation  of  tensile  stress  to  length  of  lap  required 

It  is  apparent  that  the  total  tensile  stress  in  a  lapped  bar  at 
the  section  where  the  bond  stress  becomes  zero  is 


Tra*  /b  ^ 
—  =^  Trails,  where 

4 
a = diameter  of  bar,  and 
t*  =  average  bond  stress  in  distance  s. 

From  this  equation, 


(2) 


/.= 


4  us 


Substituting  in  equation  (i) 


A.  us        J 
J  =  0. 00059  -^ — »  and 


tt  =  - 


4X0. 00059 


(3) 

(4) 
(5) 
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For  lapped  bars  one-half  inch  m  diameter  the  value  of  u  from 
this  equation  equals  210  pounds  per  square  inch.  Equation  (5) 
indicates  that  lie  value  of  the  bond  stress  was  independent  of 
the  tensile  stress  developed.  The  acceptance  of  this  form  of 
equation  is  equivalent  to  concluding  that  the  average  bond  . 
stress  over  the  length  s  was  the  same  at  all  stages  of  the  test,  but 
that  the  length  s  increased  as  the  tensile  stress  increased. 

Reference  to  beam  8AAB1,  Figs.  66  and  67,  shows  that  the 
distance  s  from  the  end  of  the  bar  at  which  the  bond  stress  ap- 
proximates zero  was  greater  for  the  load  of  36  000  potmds  than 
for  the  load  of  22  000  poimds,  but  that  the  average  bond  stress 
was  not  far  from  210  poimds  per  square  inch  in  both  cases.  For 
beams  8AAC1  and  8AAD1  the  average  bond  stress  was  less  than 
this.  Apparently  the  conclusion  that  the  average  bond  stress 
developed  over  the  length  of  lap  is  independent  of  the  tensile 
stress  developed  in  the  bars  is  not  fully  justified,  but  as  a  basis 
for  design  this  assiunption  is  probably  exact  enough. 

It  is  generally  assiuned  that  the  length  of  embedment  re- 
quired to  develop  the  tensile  strength  of  a  bar  is  directly  pro- 
portional to  the  diameter  of  the  bar.  In  this  investigation  it  was 
not  feasible  to  test  a  suflficient  number  of  beams  with  lapped  bars 
to  confirm  this  assumption,  but  it  is  here  accepted  as  logically 
to  be  expected.  Since  these  tests  were  made  on  one-half-inch 
bars,  the  equation  becomes  by  substitution  from  equation  (i), 

i=^-'^^/.=o.  001x8/.,  (6) 

a         /4 
or, 

^=0.00118 /«a.  (7) 

The  stress  in  the  lapped  bar  just  outside  the  lap  is  the  /a  of  this 
equation.  If  this  is  less  than  the  average  stress  at  this  section 
calculated  by  the  equation 

then  the  stress  in  the  through  bars  must  be  greater  imless  the 
dijBference  is  taken  up  by  the  tensile  resistance  of  the  concrete. 
Consequently,  in  using  equation  (7)  to  compute  the  minimum 
safe  length  of  lap,  the  value  of  /g  should  be  the  yield  point  of  the 
steel.  If  /g  be  taken  less  than  this,  the  yield  point  will  be  passed 
in  the  through  bars  before  it  is  reached  in  the  lapped  bars.  As- 
suming the  yield  point  to  be  40  000  pounds  per  square  inch,  and 
that  the  concrete  has  the  same  strength  as  the  concrete  used  in 
these  tests, 

^  =  47. 2a.  (8) 
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Under  a  working  load  the  total  tensile  stress  developed  in  the 
lapped  bar  within  the  distance  ^  from  its  free  end  is  as  stated  in 
equation  (2).  In  this  case  the  values  of  u  and  ^  to  be  used  are 
the  working  stress.     From  this  equation,  using  /b=i6ooo, 

tt  =  —  =  2 1 2  poimds  per  square  inch. 

From  Table  14  the  average  compressive  strength  of  the  control 
cylinders  was  5020  poimds  per  square  inch.  Assuming  that  the 
bond  resistance  is  proportional  to  the  compressive  strength  of  the 
concrete,*  /'o, 

77-  =  — ^^  =  0.0169,  and 
/'c     5020 

w  =  0.01 69/^0  (9) 

13.  EFFECT  OF  VARUTION  OF  AREA  OF  THROUGH  BARS  ON  LENGTH 

OF  LAP  REQUIRED 

A  study  of  Fig.  69  indicates  that  within  the  limits  of  the  data 
used  for  this  diagram  a  variation  in  the  ratio  of  the  area  of  the 
through  bars  to  that  of  the  lapped  bars  had  little  if  any  effect  on 
the  length  of  lap  required.  However,  in  these  tests  the  least  area 
of  through  bars  was  six  times  that  of  the  lappec^bars.  With 
smaller  proportions  of  through  bars  it  is  possible  that  a  greater 
length  of  lap  might  have  been  needed.  An  extreme  case  is  repre- 
sented by  beam  8AAA1 ,  which  had  no  through  bars.  This  beam 
failed  by  the  pulling  out  of  one  of  the  bars,  although  the  lap  was 
80  diameters.  This  occurred  at  a  load  which  gave  a  computed 
tensile  stress  in  the  steel  of  50  000  pounds  per  square  inch,  and  a 
measured  stress  of  55  000  pounds  per  square  inch  at  one  point. 
While  this  stress  was  high,  it  was  less  than  the  yield  point  of  the 
steel.  The  evidence  afforded  by  the  failure  of  beam  8AAA1  indi- 
cates that  a  greater  length  of  lap  is  required  for  beams  in  which 
all  the  bars  are  lapped  than  for  beams  in  which  there  are  through 
bars.     Further  investigation  along  this  line  is  desirable. 

14.  SUMMARY  OF  RESULTS 

The  following  statements  summarize  the  results  of  the  beam 
tests  reported  above: 

(a)  Proceeding  along  a  lapped  bar  toward  its  unanchored  end 
from  the  point  where  the  stress  in  it  begins  to  diminish,  the  stress 
lost  is  picked  up  by  the  other  bars  of  the  beam.     In  a  majority  of 

*  Abrams.  Tests  of  Bond  Between  Steel  and  Concrete,  Bull.  71,  Eng.  £xp.  Sta..  Univ.  of  Illinois,  p.  94, 
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cases  a  larger  amount  of  the  stress  lost  by  the  lapped  bar  was 
picked  up  by  bars  immediately  adjacent  than  by  the  other  bars 
of  the  beam. 

(6)  The  maximum  bond  stress  developed  by  the  lapped  bars  was 
about  75  per  cent  of  that  reported  for  pull-out  tests  of  uncoated 
plain  square  bars  in  Division  II  of  this  paper.  The  maximum 
bond  stress  occtured  at  a  smaller  amotmt  of  slip  of  bar  for  the 
beams  than  for  the  pull-out  tests. 

(c)  The  average  bond  stress  in  the  lapped  bars  was  practically 
independent  of  the  tensile  stress  in  the  bars,  but  the  length  over 
which  it  was  effective  varied  with  the  magnitude  of  the  stress. 

(cQ  For  the  purpose  of  design  the  minimum  safe  length  of  lap 
may  be  taken  as  the  distance  from  the  unanchored  end  of  the 
lapped  bar  to  a  point  on  the  bar  where  the  bond  stress  is  zero, 
when  the  tensile  stress  in  the  steel  is  at  the  yield  point.  With 
this  assumption  the  tests  indicate  that  using  steel  which  has  a 
yield  point  stress  of  40  000  poimds  per  square  inch,  and  with 
continuous  bars  adjacent  to  the  lapped  bars  and  with  concrete  of 
the  grade  here  used,  the  lap  should  be  about  48  diameters.  Care 
should  be  used  in  applying  this  relation  under  other  conditions. 

(e)  The  tests  of  beams  with  through  bars  do  not  show  that 
differences  in  the  ratio  of  the  area  of  the  through  bars  to  the  total 
area  cause  any  variation  in  the  length  of  lap  required.  The  test 
of  the  beam  with  no  through  bars  indicated  that  when  all  the 
bars  are  lapped,  a  longer  lap  is  needed  than  when  through  bars 
are  present.  Fiui;her  investigation  is  needed  on  this  phase  of  the 
subject. 

(/)  A  shearing  stress  of  465  poimds  per  square  inch  was  devel- 
oped in  one  of  the  beams  without  sign  of  approaching  failure  by 
diagonal  tension. 

IV.  TESTS  ON  STIRRUP  PULL-OUT  SPECIMENS 
1.  PRELnONARY 

The  tests  described  in  the  following  pages  of  this  paper  were 
made  on  12  test  specimens  designed  to  fiunish  useful  information 
on  the  strength  of  stirrups.  The  dimensions  of  the  specimens  and 
reinforcement  used  conformed  to  a  typical  section  through  the 
shell  and  frame  in  a  concrete  oil-tank  ship  which  was  built  by  the 
Emergency  Fleet  Corporation.  In  such  a  section,  due  to  greater 
stiffness  in  the  frame  than  in  the  shell,  the  hydrostatic  pressure  of 
the  cargo  tends  to  force  the  shell  away  from  the  frame,  thus 
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adding  direct  tension  to  the  tension  induced  in  the  stirrups  by 
shearing  stresses  in  the  frame.  Under  such  circumstances  the 
efl&ciency  of  the  anchorage  of  the  stirrups  is  of  great  importance. 

2.  DESCRIPTION  OF  SPECIMENS 

The  specimen  consisted  of  a  concrete  slab  4  inches  thick,  cast 
monolithic,  with  a  concrete  rib  6^  inches  wide  and  12  inches 
deep.  The  slab  was  i  foot  10^  inches  long  and  i  foot  4  inches 
wide.  The  rib  was  2  feet  4  inches  long  and  was  attached  to  the 
slab  along"  its  center  line  in  the  short  direction;  it  projected  6 


L/nes  of  Application  ofLocd 
Indicated  b^  Arroifi^ 


Fig.  70. — Isometric  view  of  specimen  used  in  stirrup  pull-out  tests 

inches  beyond  the  slab  at  each  end  to  afford  a  bearing  for  the 
downward  load.     Fig.  70  is  an  isometric  view  of  the  test  specimen. 

The  reinforcement  in  the  prism  and  in  the  slab  was  placed  so  as 
to  make  the  specimen  as  much  like  the  corresponding  section  of 
the  ship  as  possible.  The  three  bars  placed  at  the  jimction  of  the 
prism  and  the  slab  made  the  section  weak  in  resistance  to  a  tensile 
stiess  tending  to  separate  the  slab  from  the  rib.  The  specimens 
were  designated  by  letters  from  A  to  L,  inclusive. 

Three  types  of  stirrups  were  used,  as  shown  in  Fig.  71,  and 
designated  as  T5rpes  I,  II,  and  III,  respectively.  The  stirrups 
were  made  from  one-half-inch  plain  roimd  steel  bars,  bent  into 
U  shape  with  hooked  ends.    Type  I  stirrups  had  the  hooked  ends 
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bent  perpendicular  to  the  plane  of  the  legs  and  were  used  m 
specimens  D,  E,  F,  K,  and  L.  Type  II  stirrups  had  the  ends  bent 
into  loops  through  an  angle  of  270®,  in  which  the  planes  of  the 
loops  were  perpendicular  to  the  plane  of  the  legs.  Stirrups  of 
Type  II  were  used  in  specimens  A,  B,  C,  G,  H,  and  I.  Type  III 
stirrups  had  the  ends  bent  outward  at  90®  from  the  legs  and  in  the 
same  plane.     This  type  was  used  in  specimen  J. 

Two  stirrups  of  the  same  type  were  used  in  each  specimen. 
They  were  placed  6  inches  apart.  The  hooked  ends  of  tiie  stirrups 
were  arranged  at  different  depths  in  the  slab  member  of  the 
specimens  and,  in  consequence,  varied  in  relation  to  the  position 
of  the  slab  reinforcement.  The  distance  between  the  hooks  and 
lower  surface  of  the  slab  for  each  specimen  is  shown  in  Table  15. 
The  loops  in  the  stirrups  used  in  specimens  G,  H,  and  I  were 
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Fig.  71. — Types  of  stirrups 


stuffed  with  mineral  wool  in  order  to  exclude  concrete  dining  the 
poimng  and  to  produce  the  condition  of  a  void  within  the  loop, 
a  condition  which  is  sometimes  foimd  in  actual  construction. 

Fig.  72  shows  the  elevation  and  cross  section  of  a  typical  speci- 
men with  the  reinforcement  indicated. 

3.  MAKING  OF  SPECIMENS 

The  concrete  was  mixed  in  the  proportions  i  :^:i>^,  measured 
by  volume.  Lehigh  Portland  cement  and  burnt-clay  aggregates 
manufactured  by  the  Atlas  Portland  Cement  Co.  were  used.  The 
consistency  of  the  concrete  was  determined  for  each  batch  by  the 
slump  test;  the  average  drop  in  a  6  by  12  inch  cylinder  was  9 
inches  when  the  mold  was  Ufted.  The  concrete  was  representative 
of  that  used  in  the  construction  of  concrete  ships.  In  specimens 
A  to  F,  inclusive,  it  was  necessary  to  substitute  sand  and  gravel 
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in  the  concrete  used  to  a  depth  of  about  6  mches  m  the  rib  of  the 
specimen.  This  change  was  required  on  accoimt  of  a  shortage 
in  the  amoimt  of  burnt-clay  aggregates  available.  The  results  of 
the  tests  show  no  effect  that  may  be  attributed  to  this  change  in 
mix.  The  specimens  were  poured  from  the  top  of  the  slab  after 
the  reinforcement  was  wired  in  position. 

4.  AUXILIARY  SPECIMENS 

To  determine  the  strength  of  the  concrete  at  the  same  ages  as 
the  stirrup  pull-out  specimens  when  they  were  tested,  19  control 
cylinders,  3  by  6  inches  in  size,  were  molded  from  the  batches 
mixed  for  the  pull-out  specimens.     The  average  results  of  the 


A^n 


oecr/on  /?-/* 

Fig.  72. — Details  of  stirrup  pull-out  specimen 

compression  tests  on  these  cylinders  are  given  in  Table  15  and 

show  a  range  of  strength  from  3900  to  4900  pounds  per  square 

inch. 

5.  METHOD  OF  TESTING 

The  stirrup  pull-out  specimens  were  tested  in  an  Olsen  testing 
machine  of  200  000  poimds  capacity.  Fig.  73  shows  a  speci- 
men arranged  for  testmg. 

A  one-foiui:h  inch  plain  rotmd  bar  extended  vertically  through 
the  slab  of  each  specimen  and  4  inches  down  into  the  rib.  The 
bar  was  located  i  f^  inches  from  one  edge  of  the  slab.  The  lower 
end  was  anchored  in  the  rib  by  means  of  a  short  L  hook;  the 
other  end  projected  4  inches  above  the  slab.  The  upper  half  of 
the  embedded  length,  or  that  passing  through  the  slab  member. 
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was  coated  with  cup  grease  to  destroy  the  bond  resistance  between 
the  concrete  and  the  rod.  The  ptupose  of  this  rod  was  to  hold 
an  Ames  dial  gage  in  contact  with  the  slab  during  the  test  in 
order  to  determine,  if  possible,  the  instant  when  separation  between 
the  slab  and  the  rib  started. 

The  manner  of  loading  the  specimen  was  such  as  to  pull  the  slab 
away  from  the  rib.  The  overhanging  ends  of  the  slab  member 
were  supported  on  bearing  plates  and  steel  rollers  by  I  beams, 
which  were  laid  on  the  weighing  table  of  the  testing  machine. 
The  load  was  applied  by  the  downward  movement  of  the  pulling* 
head  of  the  machine  acting  through  a  steel  beam  and  spherical 
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Fig.  73. — Arrangement  for  testing  stirrup  pulUoui  spedmen 

bearing  blocks  on  the  ends  of  the  rib  member  of  the  specimen. 
The  machine  was  stopped  for  examination  of  the  specimen  after 
each  3000-pound  increment  of  load  was  appUed. 

The  first  indication  of  impending  failiure  came  by  the  sudden 
appearance  of  cracks  in  the  plane  at  the  junction  of  the  slab  and 
the  rib  of  the  specimen.  Use  of  the  Ames  gage  was  abandoned 
after  testing  two  or  three  specimens,  as  it  gave  no  indications  of 
value  prior  to  failure. 

6.  RESULTS  OF  TESTS 

Table  15  shows  that  the  first  crack  occurred  at  about  the  same 
total  load  in  all  of  the  specimens  except  B  and  C,  in  which  the 
load  was  somewhat  higher.    The  sketches  in  Table  15  show  that 
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men 
and  type 


A-U. 


B-n. 


c-n. 


D-I. 


Erl. 


F-I. 


o-n. 


H-n. 


I-II. 


M.. 


K-I. 


L-m.. 


Ag« 


Days. 

31 


32 


30 


18 


12 


14 


13 


CompfM* 

sive 
strength 
of  con- 
crete 


Lbs./in.> 

4000 


4200 


4100 


4000 


3900 


4900 


4500 


4600 


4600 


Load 
at  first 
crack 


Pounds. 

14  000 


19  000 
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14  000 
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15  000 


Computed 

tensile 

stress  in 

stimtiMi 

at  first 

crack 


Lbs./in.s 
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for  most  of  the  specimens  the  surface  of  rupture  was  substantially 
a  plane  coinciding  with  the  lower  surface  of  the  slab.  They  indi- 
cate that  for  specimens  B  and  C  the  stu^ace  of  rupture  had  an 
area  somewhat  greater  than  that  for  the  other  specimens.  If  this 
could  be  taken  into  accoimt  in  the  calculations,  the  tensile  stress 
at  the  time  of  the  formation  of  the  first  crack  might  be  f oimd  to  be 
nearly  the  same  for  all  specimens.  Immediately  after  the  failure 
of  the  concrete  the  entire  load  on  the  specimen  was  transferred 
to  the  stirrups.  The  position  of  the  surface  of  rupture  caused  by 
the  first  craok  had  an  important  bearing  upon  the  total  resistance 
of  the  stirrup  anchorage,  since  in  many  cases  it  passed  so  close  to 
the  hooks  as  to  leave  them  little  covering  of  concrete. 

The  tests  show  that  Type  II  stirrups  were  much  more  effective 
when  the  loops  were  filled  with  concrete  than  when  they  were 
empty,  and  imder  such  conditions  were  stronger  than  either  Type  I 
or  T5rpe  III.  Even  when  the  loops  were  not  filled  with  concrete 
the  stirrups  of  Type  II  were  better  on  the  average  than  those  of 
Type  I.  The  one  specimen  having  T5rpe  III  stirrups  gave  greater 
load  at  the  first  crack  and  greater  maximum  load  than  any  of  the 
specimens  having  stirrups  of  Type  I.  The  first  crack  probably 
had  less  effect  on  the  embedment  of  the  hooks  in  the  Type  III 
stirrups  than  in  the  stirrups  of  T5rpe  I. 

In  general,  the  stirrups  which  had  the  deepest  embedment  of 
the  hooked  and  looped  ends  showed  the  greatest  strength.  An 
embedment  of  not  less  than  2  inches  is  apparently  desirable. 

Comparison  of  specimen  D  with  E  and  G  with  H  indicates  that 
no  increase  in  effectiveness  was  obtainea  by  having  the  stirrup 
hooks  rest  on  a  bar  of  steel  in  the  slab  reinforcement. 

In  making  comparisons  consideration  should  be  given  to  the 
difference  in  age  of  the  specimens  when  tested. 

The  appearance  of  the  specimens  after  failure  is  shown  in  Figs. 
74  to  85,  inclusive. 

Washington,  April  28,  1920. 
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Fig.  78. — View  of  specimen  E  after  failure        FiG.  79. — View  of  specimen  F  after  failure 


Digitized  by 


Google 


Bureau  of  Standards  Technologic  Paper  No.  173 


Fig.  84. — View  of  specimen  K  after  failure        Fig.  85. — View  of  specimen  L  after  failure 
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1  As  explained  in  the  introdoction.  the  effect  of  caldtun  chloride  in  Portland  cement  mixtures  has  been 
quite  thoroncfaly  investigated,  and  the  nseof  hydratcd  lime  in  such  mixtures  isnotunoonmon  in  pntddct. 
There  are  no  restrictions  on  the  use  of  these  materials  in  concrete,  but  their  application  in  the  form  ol  caldnm 
oxydiloride.  or  "Cal."  has  been  covered  by  patents.  In  view  of  the  importance  to  users  of  cement  and 
concrete  o<  knowing  the  properties  of  this  material  and  its  value  as  an  accekmtqr,  particularly  in  compari- 
son with  ralntmi  diloride,  a  cooperative  investigation  was  undertaken  by  the  Bureau  ol  Standards  andtha 
patentee,  the  rcsuHs  of  which  are  given  in  this  paper. 
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L  INTRODUCTION 

A  demand  for  a  practical  and  efficient  material  for  accelerating 
the  hardening  of  Portland  cement  mixtures  has  received  consider* 
able  attention  in  recent  years.  The  need  for  such  a  material 
becomes  of  more  consequence  with  the  introduction  of  more 
rapid  methods  in  construction  and  with  the  increasing  amount 
of  concrete  rqpair  and  replacement  work.  Serious  problems 
arise  when  it  becomes  necessary  to  interrupt  or  divert  traffic  for 
the  duration  of  time  required  for  concrete  to  harden  sufficiently. 
The  increased  cost  of  lumber  for  forms  has  necessitated  a  more 
judicious  use  of  such  material,  and  its  removal  for  further  use- 
as  soon  as  the  strength  of  the  concrete  will  allow.  This  applies 
even  more  to  the  use  of  steel  forms,  which  are  rapidly  replacing 
wooden  forms  in  a  great  many  tjrpes  of  concrete  construction. 

Considerable  work  toward  the  development  of  an  accelerator 
for  concrete  has  been  done  by  the  U.  S*.  Bureau  of  Standards,' 
which  found  that  calcium  chloride  was  the  most  eflfective  of  the 
various  substances  tested.  Comprehensive  tests  were  made  on 
concrete  gaged  with  solutions  up  to  lo  per  cent  commercial  cal- 
cium chloride  for  the  purpose  of  substantiating  the  results  of 
the  preliminary  tests  and  also  to  determine  tf  any  injurious 
effects  would  result  at  later  periods  from  the  use  of  this  accelerator. 
The  increase  in  strength  obtained  at  the  age  of  two  or  three  days 
over  that  of  similar  concrete  gaged  with  water  was  from  30  to 
100  per  cent*  At  the  age  of  one  year  there  was  no  indication 
that  the  addition  of  this  salt  had  any  deleterious  effect  on  the 
durability  of  concrete.  The  three-year  test  pieces  are  now  being 
broken  with  results  showing  further  evidence  that  calcium  chlo- 
ride does  not  effect  the  ultimate  integrity  of  concrete. 

Inasmuch  as  the  use  of  commercial  calcium  chloride  in  con- 
crete is  attended  by  difficulties  caused  by  its  highly  hygroscopic 
property  and  by  the  handling  of  the  solution,  Charles  Catlett* 
conceived  the  idea  of  introducing  the  salt  by  means  of  Cal,  a 
material  by  which  the  above  difficulties  might  be  eliminated. 
Furthermore,  Cal  possesses  possibilities  which  calcium  chloride 
does  not  have,  owing  to  the  fact  that  the  products  of  its  decom- 
position by  water  are  calcium  chloride  and  calcium  hydroxide, 
equivalent  in  effect  to  a  simultaneous  addition  of  calcitun  chlo- 
ride  and   finely   divided   hydrated   lime.     Since   both   calcium 

s  Kntfnrrring  Reoocd,  74,  pp.  966-967:  1916. 

t  Annual  Report  of  the  Director  of  the  Bureau  of  Standarda;  1918. 

*  Patent  No.  za8ai88;  patent  No.  130893a. 
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chloride  and  hydrated  lime  are  being  used  separately  in  cement 
mixtures  to  produce  certain  desirable  effects,  it  was  not  con- 
sidered that  the  use  of  Cal  introduces  anything  new  in  the  making 
of  concrete,  excepting  the  maimer  in  which  these,  materials  are 
added. 

Influenced  by  the  above  considerations,  an  investigation  was 
inaugurated  by  Mr.  Catlett,  with  the  cooperation  of  the  Biueau 
of  Standards,  for  the  ptui>ose  of  studying  the  effects  of  Cal  on 
Portland  cement  mixtures.  The  most  important  object  was  to 
learn  the  value  of  this  material  as  an  accelerator  of  the  hardening 
of  concrete. 

While  a  greater  part  of  the  woric  preliminary  to  the  main 
series  of  concrete  tests  deals  with  the  effects  of  Cal  on  the  early 
time  strengths  of  cement  mixtures  imder  various  conditions,  it 
also  includes  miscellaneous  tests  bearing  on  questions  which 
might  preclude  the  use  of  this  material  with  Portland  cement,  or 
limit  its  use  to  special  mixtures  or  kinds  of  construction  work. 

Acknowledgment  is  made  to  G.  M.  Williams  for  assistance  in 
planning  the  concrete  tests,  to  Watson  Davis  for  assistance  in 
conducting  these  tests,  and  to  A.  B.  Peck  for  the  microscopic 
work, 

n.  NATURE  OF  CAL 

Cal  is  essentially  an  oxychloride  of  calcium.  A  munber  of 
investigators  have  prepared  crystals  of  this  salt  by  boiling  calcium 
hydroxide  in  a  fairly  strong  solution  of  calcitun  chloride,  filtering 
rapidly,  and  allowing  the  filtrate  to  cool.  An  analysis  by  Beesley  • 
indicated  that  the  formula  was  sCaO.CaCl,,  i4H,0.  According 
to  Rose  •  and  Andr6,^  the  crystals  have  the  formula  sCaO.CaCl,, 
1 6H2O.  Grimshaw "  f  oimd  the  constituents  in  the  ratio  sCaO.CaCl,, 
isHjO,  but  considered  the  formula  ClCa.O.Ca(OH),  yHjO  to  be 
simpler  and  more  intelligible. 

Calcium  oxychloride  is  readily  soluble  in  water,  in  which  it 
decomposes  into  calcium  hydroxide  and  calcium  chloride.  It  is 
also  soluble  in  alcohol.  The  salt  is  acted  upon  by  carbon  dioxide, 
forming  calcium  carbonate  and  calcium  chloride.  Over  sulphuric 
acid,  in  a  vacuum  or  in  the  air,  it  parts  with  a  portion  of  the  water 
of  crystallization.    The   crystals   are   needle-shaped   and   were 

*  Fhannaceutical  Journal,  9,  p.  568. 

*  Sdiwdgser'i  Joonul  fflr  Chcmie  mid  Fhytlk,  ft.  pp.  a9-xs5- 
f  Comptcs  Rendtu,  98.  p.  1453. 

*  Chemical  News,  to,  p.  aflo. 
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prepared  by  the  writer  from  very  minute  size  up  to  i%  inches  in 
length,  depending  largely  upon  the  rate  at  which  the  solution  was 
cooled.  The  composition  of  the  crystals  made  under  various 
conditions  was  in  all  cases  the  same  and  agreed  closely  with  the 
formula  given  by  Grimshaw. 

Cal  is  made  by  pulverizing  the  product  resulting  from  a  mixture 
of  lime,  calcium  chloride,  and  water.  The  material  used  in  the 
following  tests  was  made  by  the  Mellon  Institute  at  Pittsburgh, 
Pa.,  in  September,  1918,  by  mixing  together  100  parts  hydrated 
lime,  55  parts  commercial  calcium  chloride,  and  50  parts  water. 
During  several  weeks  exposure  to  the  atmosphere  it  became  hard 
and  dry. 

There  was  a  question  as  to  whether  this  material  was  chiefly  a 
mechanical  mixture  or  a  product  of  chemical  reaction.  A  micro- 
scopic examination  was  made,  and  it  was  found  to  consist  of  fairly 
well  developed  crystals  of  calcitun  oxychloride  lying  in  a  groimd- 
mass  of  minute  irregular  crystals  which  resembled  the  larger  ones 
in  every  other  respect.  There  was  only  a  small  percentage  of 
calcium  hydroxide  present.  Other  samples  were  prepared  by 
treating  separately  quicklime  and  hydrated  lime  with  various 
concentrations  of  calcitun  chloride  solutions.  These  proved  to  be 
of  the  same  nature  as  the  Cal  just  described,  with  the  exception 
that  the  larger  crystals  varied  in  size  and  relative  number  among 
the  different  samples. 

The  first  lot  of  Cal  was  ground  without  further  drying  than 
that  which  it  received  by  exposure  to  the  atmosphere.  The 
finished  product  was  a  dry,  white,  rather  fluffy  powder  which 
analyzed  as  follows:  • 

Percent 

Loss  on  ignition 43-93 

Hydrochloric  acid  insoluble 15 

SiOa 71 

R2O, $1 

CaO >. . .  41. 15 

MgO 3.58 

Cla II.  47 

SQ, ^ 

102.  31 

OOa 2.59 

Total 99.  62 

CO, 3.78 

Water  (loss-COj) 40-15 

*  Tbe  Cal  used  in  the  concrete  tests  ivas  dried  sad  win  be  described  kttr. 
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If  Cal  is  exposed  to  the  air,  it  gradually  takes  up  carbon  dioxide 
and  becomes  damp.  However  this  action  is  comparatively  slow 
and  should  not  cause  trouble  if  the  material  is  handled  in  the  same 
way  as  hydrated  lime. 

A  sample  of  Cal  which  had  been  exposed  to  the  laboratory  air 
for  eight  months  and  another  which  had  been  stored  in  a  cloth 
bag  for  about  three  years  were  used  for  treating  mortars  in  com- 
pression tests.  The  results  indicated  that  exposure  does  not 
lessen  the  effectiveness  of  Cal  as  an  accelerator  of  the  hardening  of 
Portland  cement  mixtures. 

m.  EFFECT  OF  CAL  ON  THE  SETTING  TIME  OF  PORTLAND 

CEMENT 

The  effect  of  Cal  on  the  setting  time  of  normal  Portland  cements 
may  be  seen  by  examining  the  results  given  below.  The  set  was 
hastened  in  all  cases  and  to  a  greater  extent  by  the  larger  per- 
centage of  Cal. 

TABLE  l.~The  Setting  Time  of  Nonnal  Portland  Cement  Treated  witii  Undffed  CM 
[The  pOTPffitajt  of  water  if  calculated  on  tbo  basia  of  tho  comblnad  woighta  of  tho  cemont  and  CaU 


Cament 

Ratio  (pofcentefo)  Cal  to 
cement 

Ratio  (p«- 

centaie) 

waterte 

total 

Initial  aot 

Final  let 

Sample  lloa.: 

1. 

23.4 
2L9 
21.0 
212 
2L7 
2a8 
23.4 
21.9 
21.0 
24.0 
22.5 
21.6 
22.5 
21.0 

2ai 

H.M. 
4     0 

2  15 
1    50 
8    35 
1    50 

1  25 

3  40 

2  45 

2  6 

4  40 

3  0 
1    50 
3    35 
1    55 
1      5 

H.M. 
8    10 

5 

5   49 

8 

5   30 

2. ; 

Hone 

0   45 

5. 

4    10 

8. 

S    30 

3 

Hoic 

7     0 

5.., » 

9   45 

I * 

8. 

4   25 

4. 

Hone 

7   SO 

5 

5    40 

8. 

5   40 

5. 

llooe 

6    25 

5 

2    55 

8. 

1    55 

It  will  be  noticed  that  the  percentage  of  water  necessary  for 
normal  consistency  decreases  as  the  amount  of  Cal  increases. 
This  may  be  explained  in  part  by  the  fact  that  the  Cal  contains 
considerable  water  which  is  set  free  upon  its  decomposition  and 
which  is  in  excess  of  that  necessary  to  give  plasticity  to  the  result- 
ing products. 
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Cal  was  added  to  a  numb^  of  quick-setting  cements  with  the 
result  that  they  were  made  normal.  This  may  seem  contra- 
dictory to  the  results  obtained  with  normal  cements  as  shown 
above,  but  it  should  be  remembered  that  the  setting  time  in  such 
cases  is  not  controlled  by  Cal  alone.  Groimd  Portland  cement 
cUnker  is  usually  quick  setting,  and  therefore  gypsum  is  added 
as  a  retarder  in  order  to  meet  commercial  requirements.  If  Cal 
is  added  to  a  finished  cement,  the  effect  on  the  set  will  be  the 
resultant  effect  of  both  Cal  and  gypsum.  The  effect  of  Cal  alone 
on  ground  cement  clinker  is  as  follows: 

TABLE  2.— The  Setting  Time  of  Groimd  Cement  Clinker  Treated  with  Cal 


Cal 

Ratio  (per- 
centage) 
watet  to 
miitiiie 

Initial  aet 

Final  aet 

NOM 

25.0 
24.5 
23.1 
2t7 
21.3 

2ao 

H.  M. 

naah  .. 

1  10 
3   10 

2  55 
2    30 
1    10 

H.BI. 

Zpercflot.. 

5     0 

4perc«it..                       

6    10 

f  fftrcial.. .., 

5    45 

fpercflot 

4    20 

lOpereem 

3    25 

It  will  be  seen  that  the  maximum  retardation  is  produced  by 
4  per  cent  of  Cal,  and  that  the  retardation  diminishes  with  increas- 
ing or  decreasing  amounts.  Hence  it  seems  reasonable  that  an 
addition  of  Cal  to  a  normal  cement  already  containing  gypsum 
^ould  hasten  the  set  in  the  same  way  that  an  addition  of  Cal 
to  the  clinker  already  containing  4  per  cent  of  Cal  will  hasten  the 
set.  Also,  if  a  cement  containing  gypsum  is  quick  setting,  an 
addition  of  Cal  in  increasing  amotmts  should  increase  the  retarda- 
tion imtil  a  maximum  retardation  is  reached  due  to  the  combined 
effect  of  Cal  and  gypsum. 

IV.  EFFECT  OF  CAL  ON  THE  SOUNDNESS  OF  PORTLAND 

CEMENT 

No  indication  of  tmsoundness  has  appeared  in  normal  cement 
treated  with  Cal.  Unsoimdness,  as  determined  by  the  steam  test, 
may  be  corrected  by  the  addition  of  Cal,  according  to  the  results 
of  tests  given  below.  This  action  is  probably  due  to  an  increased 
hydration  of  the  free  lime  before  the  cement  sets. 

A  very  tmsotmd  cement  was  used  in  a  1:3  mortar  which  was 
molded  into  2-inch  cubes  and  stored  in  air  after  24  hours.  At 
the  end  of  8  months,  the  plain  mortar  test  pieces  were  entirely 
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disintegrated.  The  test  pieces  made  from  the  same  mortar  to 
which  5  per  cent  of  midried  Cal  was  added  were  still  very  firm, 
although  a  few  disintegration  cracks  had  developed. 

TABLE  3.— Bffectof  Calonthe  Sotmdnessof  Porfland  Cement 


CraMOt 

Ubora- 
tocyNo. 

Optrccot 

2  per  cent 

Spercent 

Spercent 

42895... 
42896... 

Unsottiid;  lUghtfy 
wup6cl«  HOC  lisfQ* 

do 

Sooiid;  very  ellcliUy 

wuped. 
Unsound;  warped. 

liaid. 

Unsound;  wuped, 

not  hard. 
Sound 

Sound;   my  sUchUy 

WMped. 
Sound;  very  sUchtly 

werped.  nerd. 
Sound 

Sound. 

Sound:    very    sllchtly 

4301S. . . 

UnMiiid;  very  Mil. . . . 
do 

warped,  hard. 
Sound. 

43200 

do 

Do. 

S 

d«....i 

Sound;  sUghtly  warped, 
hard. 

Do. 

Y.  EFFECT  OF  CAL  ON  THE  EARLY  COMPRESSIVE 
STRENGTH  OF  PORTLAND  CEMENT  MORTARS 

1.  WATER  STORAGE 

A  series  of  tests  was  made  on  five  different  brands^  of  cement, 
using  I  part  cement  to  3  parts  Standard  Ottawa  sand.  Per 
centages  of  midried  Cal  varying  from  o  per  cent  to  8  per  cent  of 
tlie  cement  were  added  to  the  dry  mixtm-es.  Also,  mortars 
were  made  from  each  brand  of  cement  by  gaging  the  mixtures 
with  a  4  per  cent  solution  of  commercial  calcium  chloride.  This 
concentration  was  used  for  the  reason  that  it  was  foimd  to  be 
the  most  satisfactory  in  tests  previously  conducted  by  this 
Bureau. 

Mixes  containing  additions  of  Cal  up  to  5  per  cent  were,  in 
some  cases,  gaged  with  the  same  quantity  of  water  as  was  used 
in  the  plain  mortar  for  n(»inal  consistency.  Consequently  the 
excess  of  water  contained  in  the  Cal  produced  a  wetter  consistency 
than  normal,  and  probably  resulted  in  somewhat  smaller  increases 
in  strength  over  the  plain  mortars  than  would  have  been  ob- 
tained if  the  consistencies  had  been  the  same  throughout.  All 
other  mixes  were  of  normal  consistency  as  calculated  from  the 
normal  consistencies  of  the  neat  mixttires,  or  as  nearly  as  could 
be  judged  by  the  operators.  The  results  of  these  tests  are  shown 
in  Fig.  I.  In  general,  with  each  increase  in  the  amount  of  Cal 
added  to  the  mortar  there  is  an  increase  in  strength  at  each 
of  the  three  periods  tested. 
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2.  AIR  STORAGE 

Some  of  the  above  tests  were  repeated,  with  the  exception 
that  the  test  pieces  were  stored  in  the  laboratory  air  rather  than 
in  water.  The  results  of  these  tests  are  shown  in  Fig.  2.  It  is 
evident  from  the  much  lower  strengths  of  the  28-day  test  pieces 
stored  in  air  that  there  was  a  very  rapid  drying  out  of  these 
test  pieces,  as  might  be  expected  on  account  of  their  size.  The 
effect  of  Cal  imder  the  conditions  of  these  tests  is  remarkable. 


CemenrtbS 


Fig.  I. — Compressive  strength  of  mortar  at  various  ages  treated  tnth  Cal  or  calcium 

chloride  and  stored  in  water 

The  Strength  of  the  treated  mortar  at  2  days  is  considerably  above 
that  of  the  untreated  mortar  at  28  days. 

3.  COLD  STORAGB 

It  is  a  well-known  fact  that  the  rate  of  hardening  of  cement  is 
affected  by  the  temperature  conditions.  One  difficulty  arising 
from  this  is  slow  setting  and  hardening,  which  often  occurs  during 
cold  weather.  Tests  in  which  the  test  pieces  were  stored  in  a 
refrigerator  at  a  temperature  slightly  above  freezing  indicate 
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that  such  difficulties  may  be  overcome  by  the  use  of  Cal.  Also, 
Cal  may  be  a  means  of  protection  against  freezing  in  that  it  greatly 
reduces  the  critical  time  during  which  freezing  is  injurious. 

4.  MIXTURES  OF  CEMENT  AND  CAL  STORED  IN  AIR       x 

As  it  might  be  desirable  to  mix  an  accelerator  with  cement  at 
the  mill  dtiring  the  process  of  grinding  or  before  it  is  packed, 
a  series  of  tests  was  made  to  determine  the  effects  of  air  storage 
on  mixtures  of  cement  and  Cal.  The  mixtures  in  these  tests 
were  portions  of  the  ones  from  which  the  mortar  tests  shown  in 
Fig.  I  were  made.    About  2  kg  of  each  mixture  were  placed  in 


Fio.  2  ."^amprtssive  sireng^  of  mortar  at  various  agu  treaUd  wilh  Cal  and  storod  in  air 

a  small  canvas  bag  and  stored  in  the  laboratory  air.  At  the  end 
of  90  days  mortar  cubes  were  made  tmder  as  nearly  as  possible 
the  same  conditions  as  those  existing  during  the  former  tests. 

All  samples  of  cement  and  mixtures  of  cement  and  Cal  de- 
teriorated dtu'ing  the  storage  period.  There  was  a  tendency  for 
the  mixtures  to  form  lumps  and  pack.  The  mortar  tests  showed 
no  marked  increase  in  strength  of  mortar  containing  Cal  over 
that  of  the  imtreated.  After  these  tests  were  started,  it  was 
found  that  the  Cal  used  gives  up  considerable  moisture  when 
pxposed  to  the  air,  so  no  doubt  that  in  thi^  instance  the  moisttu'e 
given  up  by  the  Cal  which  was  mixed  with  the  cement  did  much 
toward  affecting  this  deterioration.  It  was  not  determined 
whether  the  result  might  be  entirely  attributed  to  this  loosely 
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held  water  or  whether  the  Cal  mcreased  the  amoant  of  moisture 
taken  up  by  the  cement  from  the  ah:.  It  may  be  possible 
that  a  change  in  the  method  of  manufacture  of  Cal  will  produce 
a  material  which  can  be  mixed  with  cement  without  ill  effects 
and  at  the  same  time  retain  its  efficiency  when  the  mixture  is 
used  in  concrete. 

VI.  EFFLORESCENCE 

Two  small  brick  walls  were  built  on  the  roof  of  a  building  where 
they  were  exposed  to  the  weather.  Plain  mortar  (i  part  cement 
to  3  parts  Potomac  River  sand,  by  weight)  was  used  in  construct- 
ing one  of  the  walls,  while  8  per  cent  undried  Cal  was  added  to 
the  mortar  used  in  the  other. 

Considerable  efflorescence  was  observed,  but  there  was  very 
little  difference  in  the  amounts  on  the  two  walls.  There  appeared 
to  be  slightly  less  on  the  one  containing  the  Cal  mortar.  An 
analysis  was  made  of  the  material  which  was  caused  to  effloresce 
by  artificial  means  from  a  mortar  containing  Cal.  It  consisted 
chiefly  of  the  alkali  carbonates  and  chlorides. 

VU.  EFFECT  OF  CAL  ON  STEEL  REINFORCINO  BARS 

One-half-inch  steel  reinforcing  bars  about  4K  inches  long  were 
embedded  in  3  by  6  inch  cylinders  made  of  1 13  standard  Ottawa 
sand  mortar.  One  set  was  made  with  no  addition,  one  with  an 
addition  of  5  per  cent  undried  Cal,  and  another  was  gaged  with  a 
solution  of  calcium  chloride  which  furnished  an  amount  of  anhy- 
drous calcium  chloride  equal  to  that  contained  in  the  5  per  cent 
addition  of  Cal.  These  cylinders  were  stored  exposed  to  the 
weather.  At  the  end  of  eight  months  one  test  piece  from  each 
set  was  broken,  and  the  only  signs  of  corrosion  found  were  a  few 
rust  spots  on  the  bar  embedded  in  mortar  containing  calcitun 
chloride.  Of  course,  these  tests  ftunish  no  conclusive  informa- 
tion, but  it  is  interesting  to  note  that  corrosion  had  not  appeared 
on  the  bar  in  the  mortar  containing  Cal.  Such  tests  should  be 
continued  for  a  number  of  years  and  tmder  various  moisture 
'conditions. 
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Vm.  EFFECTS  OF  CAL  AND  CALCIUM  CHLORIDB  OK 

CONCRETE 

1.  DESCRIPTIONS  AND  TESTS  OF  MATERIALS 

(a)  CAL 

It  was  found  advantageotts  to  drive  off  a  portion  of  the  water 
in  the  Cal,  and  therefore  in  preparing  the  lot  used  in  the  following 
tests  the  lump  material  was  dried.  This  was  done  in  such  a  way 
that  it  was  not  exposed  to  the  atmosphere  or  gases  from  the 
btimer  during  the  operation.  The  crushing  was  done  in  a  small 
jaw  crusher  and  the  grinding  in  a  pebble  mill.  A  sample  of  about 
100  pounds  was  mixed  thoroughly  by  placing  it  in  the  pebble  mill 
lightly  loaded  with  pebbles.  The  entire  quantity  was  quartered 
down  for  the  chemical  sample.  An  anlysis  of  this  sample  was 
made  several  days  before  the  tests  were  started,  and  the  chlorine 
content  was  again  determined  after  all  the  concrete  was  mixed, 
to  learn  if  any  change  in  the  percentage,  caused  by  exposure  to 
the  air,  had  taken  place  during  this  time.  It  may  be  seen  by  the 
results  given  below  that  equal  weights  of  the  material  taken  at 
any  time  during  the  tests  furnished  practically  equal  amoimts  of 
calcium  chloride. 

Chemical  Analysis  of  Cal 

[Laboftttory  No.  56971] 

Percent 

Loss  Oil  ignitkni 31. 43 

Insoluble  material .80 

Soluble  material: 

SiOj 1. 00 

R3O, 60 

CaO 58. 10 

MgO 4.75 

Cla 15.  68 

so^ 91 

103.  26 

ooa 3.54 

Total 99.7a 

COj 5.12 

Water  (loss-COj) 16. 30 

Chlorine  content  after  about  eight  weeks ^S*  50 

(Jb)  CALCIUM  CmX>IUDB 

A  solution  of  calcium  chloride  was  made  from  commercial 
calcium  chloride  and  filtered  through  a  finely  woven  cloth,  separat- 
ing considerable  insoluble  matter.  After  a  sample  was  taken  for 
chemical  analysis,  the  solution  was  kept  in  an  air-tight  container 
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until  used.  The  samples  for  chemical  anjttysis  of  this  calcium 
chloride  solution  were  taken  at  the  same  time  as  those  for  the 
analysis  of  Cal.    The  analysis  of  this  solution  follows: 


RssuLTs  OF  Analysis  op  Calcium  Culorids  SoLxrnoN 

[Specific  gravity  ct  u*  C- 1.338] 


Ca. 


Percent 
.    18.  16 


CI2 8a.  31 

Mg,  less  than xo 

Chlorine  content  after  the  concrete  mixing  was  completed 33. 4a 

(c)    CBMBNT 

On  accotmt  of  the  somewhat  varying  effectiveness  of  Cal  on 
different  brands  of  cement  as  indicated  by  the  mortar  tests,  it  was 
decided  that  no  less  than  three  brands  should  be  used  in  this  series. 
These  brands  were  chosen  from  those  used  in  the  mortar  tests  for 
the  reason  that  they  had  been  foimd  to  fairly  well  represent  the 
range  of  Portland  cements  with  regard  to  early  time  strengths 
and  that  they  could  be  purchased  on  the  market  at  Washington, 

p.c. 

The  entire  lot  of  each  brand  was  thoroughly  mixed  on  canvas 
and  then  placed  in  metal  containers  until  used.  The  chemical 
and  physical  tests  of  these  cements  are  given  in  Table  4. 


TABLE  4.— Chemical  and  Physical  Tests  of  Cements 

TMt  f«Mlte  tor  tabaralDmiamtMn— 

4S«» 

49076 

45101 

Cliaikal: 

LMi 

PtrcenC 
2.01 
.20 

19.78 
3.40 
7.26 

62.56 
1.72 
1.91 

Ptreem 
2.43 
.17 
22.39 
2.20 
158 

6a  00 

4.07 
L78 
.87 
.42 

28.0 

las 

8L8 
Hr.  Min. 
2       55 

6       M 

O.K. 

Lbt./ln.* 

30O 

313 

PWMOt 
1.76 

IhMhiblerwidiM 

.40 

SUIca 

2a  72 

Oiidtotixm 

1.90 

Oiid«  of  alnmliia . .     

182 

Llni« 

6148 

4.02 

8vlplmrteaii]irdrl4t 

1.63 

.43 

.38 

PMkal: 

Water  oflMl— 

llMt 

23.0 

ia3 

84.5 

Hr.  Mln. 

2       55 

6       30 

O.K. 

Lbt./ln.* 

282 

370 

210 

Mffttf 

ia3 

87.1 

TlOMOfMt- 

Inilla]     ,   ,            ,,      ,, 

Hr.  Min. 
3       45 

6       55 

SottBdncH 

0.  K. 

TaniitoKmiltti— 

7aa|a 

Lte./ln.* 
318 

28d«is r. 

455 
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Potomac  River  aggregate  was  used  in  this  series  and  was  pur- 
chased in  5-ton  lots  at  Washington,  D.  C.  The  gravel  was  washed, 
dried,  and  stored  in  sacks  until  used.  To  insture  uniformity, 
just  before  each  day's  run  of  mixing,  a  sufficient  amount  of  gravel 
for  all  mixes  for  one  proportion  and  for  one  brand  of  cement  was 
mixed  by  shovel  on  a  concrete  floor  and  resacked  in  lots  of  accturate 
weight  for  one  batch.  The  sand  was  treated  in  the  same  manner 
excepting  that  it  was  not  washed,  as  it  was  in  good  condition 
when  received.  The  results  of  the  physical  tests  of  these  mate- 
rials are  given  below.  The  weights  per  cubic  foot  used  in  propor- 
tioning were  95  per  cent  of  the  weight  per  cubic  foot  of  packed 
material.  A  metal  cubic-foot  measure  was  used  in  this  deter- 
mination. 

Wbiobts  per  Cubic  Foot 


Sand... 
Gravel . 


TABLE  S.—Mechanictl  Sie?e  Analysis  of  Aggregate 


Poundt 

. . .    I30 

. .    114 


Stofttllo. 

SiM 

epediiic 

PtrecotpMring 

SWfO  a%» 

Siie 
epenhig 

PttrcenCpMriiig 

Said 

On?el 

Said 

Onvel 

iBdlM 

1 

H 
H 
.263 

100 
91 
71 
51 
26 
8 

4 

Ibeh 

a  185 

.093 

.046 

.0332 

.0116 

.0058 

95 
81 
69 
51 
15 
4 

1 

8 

14 

28 

48 

a 

100 

100 

2.  METHODS  AND  APPARATUS 
(a)  PROPORTIOniNO 

The  proportioning  of  the  cement,  sand,  and  gravel  was  by 
voltune,  but  for  the  sake  of  convenience  and  accuracy  the  mate- 
rials were  measured  by  weight.  The  cement  was  assumed  to 
weigh  94  potmds  per  cubic  foot. 

In  all  mixes  m  which  a  direct  comparison  was  made  between 
Cal  and  calcium  chloride,  an  exact  weight  of  the  calcium  chloride 
solution  was  used  which  contained  an  equivalent  weight  of  chlorine 
as  added  by  means  of  the  Cal. 

(b)  COIISISTENCT 

The  consistency  of  the  various  mixes  was  measured  by  means 
of  the  "flow  table,"  which  has  been  developed  by  the  Bureau  of 
Standards.*®    It  is  believed  that  this  method  is  the  most  satis- 

M  WiUiamt,  Engineering  News  Record,  84,  p.  1044. 
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factory  of  any  so  far  devised  for  determining  the  relative  "flow- 
ability"  of  concrete.  The  method  is  sensitive  through  a  wider 
range  of  consistencies  than  the  slump  method,  and  the  results  are 
consistent  and  reliable. 

Two  consistencies  were  chosen  as  standards  in  the  concrete 
tests.  The  i  :  i}i  :  3  concrete  was  rather  stiff  and  represented 
the  t3rpe  of  concrete  crften  used  in  road  construction.  All  batches 
of  this  proportion  were  made  to  have  a  relative  flowability  as  near 
150  as  possible. 

The  1:2:4  concrete  was  considerably  wetter  and  was  of  such 
consistency  as  is  often  used  in  reinforced-concrete  construction. 
The  relative  flowability  sought  in  this  case  was  200. 

From  two  to  three  flow  tests  were  made  on  each  batch  in  order 
that  very  nearly  the  desired  consistency  might  be  produced  before 
the  final  test  was  made.  This  final  test  was  to  be  made  10  minutes 
after  the  water  was  added  to  the  dry  mixtures. 

(c)  BADUnO 

In  the  preliminary  tests  on  concrete  contradictory  results  were 
obtained  under  certain  conditions  in  that  the  strengths  of  the 
treated  concrete  at  seven  days  were  lower  than  the  corresponding 
strengths  of  the  imtreated  concrete.  Considerable  work  was  done 
to  determine  the  cause  of  this  before  it  became  evident  that  the 
dififerent  method  used  in  mixing  the  concrete  was  the  source  of 
the  difficulty.  In  every  instance  the  mortars  were  mixed  by 
kneading  with  the  hands,  and  the  batches  were  sufficiently  small 
to  allow  thorough  mixing  within  one  and  one-half  minutes.  The 
batches  of  concrete  were  considerably  larger  and  were  mixed  by 
tinning  with  a  trowel.  Consequentiy  they  did  not  receive  as 
vigorous  or  thorough  mixing  as  applied  to  the  mortars.  When 
these  concrete  mixes  were  duplicated  and  mixed  by  machine  the 
results  were  of  the  same  order  as  those  obtained  in  the  mortar 
tests.  No  further  investigation  was  made  in  this  direction,  but 
it  is  believed  that  the  results  obtained  with  the  hand-mixed  con- 
crete were  exceptional. 

In  the  following  tests  the  mixing  was  done  in  a  model  15  Wonder 
mixer.  Sufficient  material  was  used  in  each  batch  to  provide  some 
in  excess  of  the  amotmt  necessary  for  six  6  by  12  inch  cylinder 
test  pieces.  After  the  dry  materials  were  placed  in  the  mixer  a 
part  of  the  water  was  added  and  the  mixer  was  started.  More 
water  was  then  added  imtil  about  the  proper  consistency  was 
obtained.    At  the  end  of  2  minutes  from  the  time  the  first  water 
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was  added  the  mixer  was  stopped  and  a  "flow"  test  was  made. 
When  only  two  flow  tests  were  made  within  10  mmutes  after  the 
water  was  added  the  mixer  was  nm  45  seconds  just  previous  to 
the  making  of  the  final  flow  test.  Later  three  flow  tests  were 
made  instead  of  two,  and  the  mixer  was  run  for  30  seconds  before 
each  of  the  last  two  tests.  This  additional  mixing  of  all  batches 
was  necessary  in  order  that  water  might  be  added  if  needed  to 
increase  the  flowability  to  the  desired  degree  and  at  the  same 
time  that  all  batches  might  be  given  an  equal  amount  of  mixing. 

id)  MOLDINO  AlfD  CAPPINO 

All  test  pieces  in  this  series  were  6  by  12  inch  cylinders.  The 
molds  used  were  made  from  wrought-iron  pipe  cut  in  lengths  of 
12  inches  and  slit  perpendicularly  to  the  axis  of  the  cylinder. 
This  slit  was  kept  closed  dturing  molding  by  bolts  through  angles 
riveted  to  the  cylinder  on  each  side  of  the  slit.  The  molds  were 
filled  in  three  layers,  each  layer  being  puddled  with  a  five-eighth- 
inch  steel  rod.  The  bottom  caps  were  formed  by  placing  the 
molds  on  a  layer  of  stiff  neat  cement  which  was  spread  about  one- 
half  inch  thidc  on  sheet  iron  a  short  time  before  molding  the  test 
pieces.  The  molds  were  filled  to  less  than  one-fourth  inch  from 
the  top.  After  about  an  hour  the  filling  was  completed  with  a 
thin  neat  cement  paste  and  smoothed  off  with  a  trowel.  This 
method  gave  good  solid  caps  which  required  very  little  grinding 
to  produce  a  plane  bearing  surface. 

(«)  STORAOB 

At  the  end  oi  24  hours  the  test  pieces  were  removed  from  the 
molds.  Three  of  the  test  pieces  from  each  batch  were  stored  in 
damp  sand,  and  the  remaining  three  were  stored  in  the  air  of  the 
laboratory.  Hence,  the  results  obtained  under  the  two  storage 
conditions  are  strictly  comparable  with  respect  to  materials,  quan- 
tity of  mixing  water,  etc.  The  daily  average  room  temperatures 
where  test  pieces  were  stored  in  air  gradually  lowered  throughout 
the  storage  period  from  about  72°  F.  to  about  60°  F.  The  tem- 
perature of  the  damp  sand  averaged  about  5^  F.  below  these  tem- 
peratures at  the  beginning  of  the  tests,  but  toward  the  end  the 
temperatures  of  the  two  storages  were  about  the  same.  The 
average  relative  humidity  was  approximately  65  per  cent. 

(/)  TBSTINO 

Specimens  62-1-1  to  62-3-3  and  62-1 3-1  to  62-15-3,"  inclusive, 
were  tested  on  a  200  000-poimd  Riehle  testing  machine.     All  others 

"  The  nnmbcriiic  gyttem  is  mcfdy  *  local  means  of  kkntifyiiig  the  test  pieces. 
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were  tested  on  a  loo  ocx>-pound  Riehle  machine.  A  single  thick- 
ness of  blottmg  paper  was  placed  between  each  end  of  the  specunen 
and  the  bearmg  plate.  The  test  piece  was  centered  on  a  spherical 
bearing  block  which  was  then  shifted  into  place.  The  upper  sur- 
face of  the  test  piece  was  fitted  squarely  against  the  upper  bearing 
surface  by  ttuning  the  test  piece  and  upper  part  of  the  block 
horizontally  first  in  one  direction  and  then  in  the  other  while  the 
movable  head  was  being  lowered  onto  the  test  piece. 

3.  RESULTS  OF  STRENGTH  TESTS 

The  results  of  the  strength  tests  are  given  in  Table  7. 

The  most  important  facts  deduced  from  these  data  are  as  follows : 

1 .  In  all  cases,  the  strength  of  the  treated  concrete  was  greater 
than  that  of  the  corresponding  imtreated  concrete  at  the  two  and 
seven  day  periods. 

2.  The  strength  of  the  treated  concrete  was  practically  the 
same  as  that  of  the,  imtreated  at  the  28-day  period. 

3.  The  effect  of  Cal  at  the  2-day  period  was  very  nearly  the 
same,  for  all  cements,  proportions,  and  conditions  of  the  tests. 
This  may  be  seen  by  examining  the  data  given  below. 


TABLE  6.— Percentage  bicrease  in  Strong  of  Concrete  Due  to  Cal  «t  the  Two-Daj 

Period 

RMoltiaC  tfsin 

M«ln»« 

Mliilauuii 

Afnaft 

Cmnent  No.  45003. 

75 
80 
66 
61 
80 
80 
69 

60 
55 
52 
52 
S2 
52 
52 

66 

Cmnont  No.  45076 

65 

Cem«nt  No.  45101    ,  , 

58 

Praporttonl  :  1  Vj :  3,  iHff  eootMeiiey 

58 

Pnpfltlon  t :  2  : 4,  wH  tontMtiKy 

68 

Storod  in  4amp  tand .      x      . 

65 

Stored  In  air 

61 

4.  The  results  produced  by  Cal  and  calcium  chloride  are  prac- 
tically the  same. 

Since  the  primary  reason  for  using  an  accelerator  in  Portland 
cement  mixtures  is  to  produce  a  given  strength  in  less  time  than 
ordinarily  required  and  thereby  effect  a  saving,  it  is  important  to 
express  laboratory  tests  on  this  basis.  If  time-strength  ciu-ves  of 
both  the  imtreated  and  corresponding  treated  mixtures  are  plotted 
together,  it  is  very  convenient  to  compare  the  ages  at  which  they 
have  equal  strengths.  In  this  series  of  concrete  tests,  the  strength 
of  the  treated  concrete  at  two  days  was  equal  to  that  of  the  un- 
treated at  from  three  to  fotu"  and  one-half  days.  Mortar  tests 
indicated  that  more  marked  results  may  be  obtained  by  increas- 
ing the  percentage  of  Cal. 
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Although  very  uniform  results  were  obtained  under  various 
conditions  at  the  2-day  period,  there  was  considerable  variation 
at  the  28-day  period.  Furthermore,  Cal  generally  increased  the 
strength  of  mortars  at  the  28-day  period,  while  it  seemed  to  have 
little  or  no  effect  on  the  concrete  at  this  age.  A  mmiber  of  mortar 
tests  were  made  with  variations  in  proportions  and  percentages  of 
Cal  to  cement  and  Cal  to  water,  with  the  thought  that  they  might 
determine  the  cause  of  these  irregularities,  but  no  conclusive  re- 
sults were  obtained. 

TABLE  7.^-Camprea8i¥#  SttengKba  of  Concrete  to  Wbich  Cal  and  Caldum  Chloride 

Have  Been  Added 

lAddMoos  of  Cal  ttmoghotit  thto  MrtM  were  5  per  cent  of  the  cement   Cal  and  caldum  chloride  addmona 
contained  eqoalamoanta  of  chlorine.   Teat  plecea  were  6  bf  12  Inch  cyUndera] 
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1  :  IH  :  3 
1 :  IH  :  3 
1  :  IH  :  3 

150 

156 
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TABLE  7.— CompressWe  Strengths  of  Concrete  to  Which  Cal  and  Calcinm  Chloride 
Have  Been  Added— Continued 

CBMBNT  NO.  45076 
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Proportkni 

Rela- 
tive 
flow- 
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Water. 

Compfoaatve  i 

-m,^K«-l.per 
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1822 
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2 
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2 
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3 
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2742 
2640 
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2347 
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2 

3 
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T1BLB7. 


Strengdit  of  Concrete  to  Which  Cal  and  Caldom  Oiloride 
Have  Been  Added— Contimied 
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UL.  EFFECT  OF  CAL  ON  CONSISTENCY  AND  WORKABILITY 
OF  CEMENT  MIXTURES 

The  way  in  which  Cal  affects  consistency  depends  largely  upon 
the  amount  of  water  which  it  contains.  When  Cal  containing  40 
per  cent  water  was  added  to  cement  or  mortar,  an  appreciably 
wetter  mix  was  the  result.  Cal  containing  16  per  cent  water  had 
no  effect  on  the  consistency  or  flowability  of  mortars,  but  it  ap- 
peared to  increase  the  plasticity  or  ease  in  working  the  mixtures 
with  a  trowel.  In  the  concrete  tests  a  very  small  increase  in  per- 
centage of  water  was  necessary  in  the  mixes  containing  Cal  over 
that  added  to  the  tmtreated  mixtures  in  order  to  produce  the  same 
relative  flowabihty.  This  was  probably  due  to^the  fact  that  Cal 
causes  earlier  stiffening  or  setting  and  that  the  flowability  tests 
were  made  10  miimtes  after  the  water  was  added.  This  earlier 
stiffening  is  not  objectionable  if  the  concrete  is  placed  shortly  after 
mixing.  On  the  other  hand,  it  is  at  times  very  desirable,  espe- 
cially in  construction  requiring  a  finished  surface,  such  as  floors. 
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Cal  was  used  in  a  concrete  floor  topping  alongside  of  ti^>ping 
containing  no  accelerator,  for  the  purpose  of  observing  the  effect 
tmder  actual  field  conditions.  The  treated  topping  was  ready  for 
the  finishing  operation  in  about  one-half  the  time  required  by  the 
tmtreated,  as  judged  by  the  finisher.  This  agreed  very  closely 
with  the  results  of  the  laboratory  tests  on  the  rate  of  settiijg  of  the 
two  mixes  by  means  of  the  flow  table. 

X.  SUMMARY 

Cal  is  a  material  obtained  by  pulverizing  the  dried  or  undried 
product  resulting  from  a  mixture  of  either  quicklime  or  hydrated 
lime,  calcitun  chloride,  and  water.  It  is  a  dry  white  powder  which 
may  be  handled  in  much  the  same  way  as  hydrated  lime,  and  with 
the  same  general  keeping  qualities.  It  is  much  more  convenient 
to  handle  and  use  in  making  concrete  than  calcitmi  chloride,  either 
fused  or  in  concentrated  solution.  Upon  exposure  to  the  air  Cal 
gradually  takes  up  carbon  dioxide  and  becomes  somewhat  damp. 
However,  tests  indicate  that  long  exposure  does  not  affect  its  ac- 
tion as  an  accelerator  of  the  hardening  of  Portland  cement  mix- 
tures. 

The  setting  of  normal  Portland  cement  mixtures  may  be  has- 
tened by  Cal  to  an  extent  which  is  very  desirable  in  concrete  con- 
struction requiring  a  finished  surface.  The  finishing  operation 
may  proceed  with  much  less  delay  after  the  concrete  has  been 
placed,  which  should  result  in  cutting  down  overtime  labor.  This 
hastening  of  the  set  is  not  objectionable  in  any  type  of  construction 
providing  the  concrete  is  placed  soon  after  it  is  gaged  with  water. 
It  is  believed  that  Cal  increases  the  workability  of  Portland  cement 
mixtures.  However,  no  attempt  was  made  to  measure  the 
extent  of  this  effect,  because  up  to  this  time  no  satisfactory  test 
has  been  developed  for  meastiring  the  workability  of  Portland 
cement  mixtiu'es. 

Unsound  cements  may  be  greatly  benefited  or  made  sound  by 
an  addition  of  Cal.  This  effect  was  produced  in  neat  pats  subjected 
to  the  steam  test  and  in  mortar  test  pieces  stored  in  air. 

Limited  tests  indicate  that  quicksetting  cements,  either  fresh  or 
having  become  quicksetting  on  aging,  may  be  made  normal  by 
the  addition  of  Cal  as  used  in  cement  mixtures. 

There  was  no  indication  that  the  amount  of  efflorescence  appear- 
ing on  the  surface  of  cement  mixtures  exposed  to  the  weather  is 
increased  by  the  tise  of  Cal. 
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The  series  of  tests  on  the  effect  of  Cal  on  steel  reinforcing  bars 
which  were  embedded  in  a  thin  layer  of  Cal  cement  mortar  and 
exposed  to  the  weather  for  eight  months  without  showing  any 
sign  of  corrosion,  while  favorable,  is  too  limited  to  give  assmance 
that  corrosion  will  not  occur  under  these  conditions.  Caution 
should,  therefore,  be  exercised  in  the  use  of  Col  in  concrete  con- 
taining steel  reinforcement  when  the  concrete  is  to  be  freely  ex- 
posed to  the  weather  or  excessive  dampness.  It  is  believed  that 
no  bad  effect  will  be  produced  in  ordinary  building  construction. 

Undried  Cal  mixed  with  Portland  cement  causes  greater  dete- 
rioration in  the  quality  of  the  cement  dtuing  storage  than  that 
which  ordinarily  takes  place.  Therefore,  Cal  should  be  added  to 
the  concrete  materials  during  the  mixing  operation,  preferably 
before  the  water  is  added. 

All  Portland  cement  mixtures  treated  with  Cal  attained  greater 
strength  at  the  2-day  and  7-day  periods  than  the  corresponding 
untreated  mixtures.  The  percentage  increase  in  the  strength  of 
mortar  at  the  2-day  period  obtained  by  an  addition  of  5  per  cent 
Cal  to  cement  ranged  from  40  to  1 40.  The  strength  of  the  treated 
mortar  at  two  days  was  equal  to  the  strength  of  the  tmtreated 
mortar  at  three  and  one-half  to  eight  days.  These  calculations 
are  made  from  the  results  of  tests  in  which  the  test  pieces  were 
stored  in  water,  damp  sand,  or  damp  closet. 

Treated  mortars  stored  in  the  laboratory  air  attained  at  2  da3rs 
strength  greater  than  that  of  the  untreated  mortars  at  28  days. 
This  was  due  to  the  rapid  drying  out  of  the  small  test  pieces  and 
the  comparatively  slow  rate  of  gain  in  strength  after  the  2-day 
period.  However,  this  indicates  that  Cal  is  especially  advan- 
tageous in  cement  mixtures  which  are  necessarily  subjected  to 
any  drying-out  action. 

The  increase  in  strength  produced  by  5  per  cent  Cal  in  con- 
crete mixtures  at  the  2-day  period  ranged  from  52  to  135 
per  cent,  and  the  strength  of  the  treated  concrete  at  the  2-day 
period  was  equal  to  that  of  the  untreated  at  from  three  to 
four  and  one-half  days.  On  an  average  this  represents  a  saving 
of  approximately  one-half  the  time  in  operations  which  are  de- 
pendent upon  the  strength  of  the  concrete  at  early  periods.  The 
effect  of  the  air  storage  in  the  concrete  tests  was  lessened  in  degree, 
owing  to  the  high  relative  humidity  which  existed  throughout 
the  storage  period. 
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It  should  be  remembered  that  the  increase  in  streng^  result- 
ing from  an  addition  of  5  per  cent  Cal  does  not  represent  the  maxi- 
mum which  may  be  obtained  except  in  very  rich  mixes.  As 
much  as  15  per  cent  Cal  was  used  in  mortar  tests,  giving  an  in- 
crease of  220  per  cent  at  the  2-day  period. 

The  general  effect  of  Cal  on  Portland  cement  mixtures  is  the 
same  as  might  be  expected  from  the  use  of  equivalent  amounts 
of  hydrated  lime  and  calcium  chloride. 

The  3-year  tests  by  the  Btueau  of  Standards  on  concrete 
gaged  witii  a  solution  of  calcium  chloride  are  sufficient  grounds 
ior  believing  that  the  addition  of  Cal  will  not  injuriously  affect 
the  ultimate  strength  and  integrity  of  Portland  cement  concrete. 

WAsraNGTON,  May  26,  1920. 
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INTRODUCTION 

This  technologic  paper  presents  the  results  of  two  minor  investi- 
gations carried  out  at  the  request  of  the  concrete  ship  section  of 
the  Emergency  Fleet  Corporation.  They  were  undertaken  with 
the  object  of  obtaining  data  tiseful  in  design  under  the  special 
conditions  involved  in  the  construction  of  concrete  ships. 

I.  POURING,  CONSISTENCY,  AND  COMPRESSIVE-STRENGTH 
TESTS  OF  CONCRETE  IN  CYLINDERS  AND  SLABS 

1.  POURING  TEST 

The  object  of  the  poming  test  was  to  determine  to  what  extent 
a  satisfactory  job  of  concreting  could  be  secured  imder  conditions 
likely  to  exist  in  field  work  during  the  construction  of  concrete 
ships.  To  be  satisfactory  there  should  be  no  voids  in  the  finished 
concrete.  The  work  would  be  expected  to  have  a  smooth  stuiace 
finish,  and  the  concrete  should  have  strength  commensurate  with 
the  mix  and  should  be  of  tmiform  quality.  This  test  was  made  in 
the  concrete  laboratory  of  the  Bureau  of  Public  Roads,  Arlington, 
Va.,  on  May  4,  1918. 

The  pouring  specimen  used  was  a  slab  6  feet  high,  6  feet  wide, 
and  4  inches  thick,  having  a  mass  of  reinforcement  designed  to 
reproduce  conditions  such  as  would  occttr  in  pouring  the  shell  of  a 
8M5«-ao  3 
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reioforced  concrete  ship.  Pig.  i  shows  the  reinforcement  assem- 
bled and  in  position  with  one  side  of  the  form  temporarily  removed. 

Wedge-shaped  strips  cut  from  i>^-4nch  square  stpck  weie  at- 
tached to  both  of  the  side  forms  horizontally  at  intervals  of  12 
inches,  marking  V-shaped  grooves  along  which  the  slab  was  later 
broken  into  sections  for  testing  transversely.  The  wedge  strips 
also  served  the  purpose  of  choking  the  opening  through  which  the 
concrete  had  to  pass  and  therefore  made  pouring  very  much  more 
difficult.  The  percentage  of  tension  reinforcement  was  taken 
large  enough  to  insture  f  ailture  of  the  concrete  in  compression  in  the 
transverse  tests  of  the  slab  sections,  unless  the  strength  of  the 
concrete,  as  computed  by  the  parabolic  formula,  shotild  exceed 
3500  pounds  per  square  inch. 

An  Austin  cube  mixer  having  a  rated  capacity  of  i  cubic  yard 
per  batch  was  used  for  riiixing  the  concrete  for  this  test.  The 
concrete  was  proportioned  by  voltune,  using  i  part  of  a  standard 
Portland  cement,  two-thirds  part  of  Potomac  River  sand,  and 
lyi  parts  of  gravel.  The  gravel  was  graded  in  size  from  one- 
fourth  to  one-half  inch.  The  amount  of  water  used  in  mixing 
was  12.5  per  cent  of  the  combined  weight  of  the  dry  materials. 
The  materials  were  weighed,  and  the  proportions  by  volume, 
X  *  M  •  I  K»  "were  computed  from  the  weights. 

Four  small  batches  of  concrete  were  mixed  to  poiu:  the  speci- 
men. Reference  to  Table  i  shows  that  thore  was  some  variation 
in  the  consistency  in  the  different  batches.  The  accidental  loss 
of  an  unmeasured  but  small  quantity  of  water  during  the  mixing 
of  the  first  batch  accotmts  for  a  stifibiess  in  that  batch  somewhat 
greater  than  that  of  the  succeeding  batches. 

The  cement  and  aggregate  were  mixed  dry  for  about  30  seconds 
after  which  the  water  was  added  and  the  mixer  was  run  for  i 
minute  and  45  seconds  before  dtunping  the  first  wheelbarrow 
load  of  concrete*  It  was  generally  i  minute  more  or  longer  befcnre 
the  remainder  of  the  batch  had  been  removed  from  the  mixer. 
At  the  best,  an  appreciable  amount  of  concrete  remained  in  the 
mixer  from  one  batch  to  the  next. 

The  concrete  in  the  lower  half  of  the  slab  was  placed  in  the  form 
by  means  of  shovels  and  trowels  through  an  opening  in  the  side 
of  the  form  10  inches  high  and  with  its  lower  edge  3  feet  i  inch 
above  the  base  of  the  form.  The  location  of  this  opening  is 
indicated  in  Fig,  2  by  the  words  **  window  paneL**  The  form 
was  vigorously  pounded  with  heavy  hand  hammers  throughout 
the  pouring.    Air  bubbles  were  released  by  the  pounding  and 
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Fig.  I. — Assembled  reinforcement  and  form  for  specimen  used  in  pouring  test 
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Fig.  2. — P outing -Ust  sptciftun  rcmei  id  from  form 
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rose  to  the  stirface  of  the  concrete.  The  rising  of  air  bubbles 
continued  for  a  considerable  length  of  time,  and  had  not  entirely 
stopped  when  pouring  was  completed  and  the  potmding  was 
discontinued. 

During  the  pouring  of  the  slab  an  observation  was  made  to 
find  the  angle  of  repose  of  the  concrete.  The  concrete  was  poured 
into  the  form  at  one  point  and  allowed  to  flow  toward  both  ends, 
assisted  to  some  extent  by  the  potmding  outside  the  form.  It 
was  found  that  the  slope  of  the  concrete  surface  was  30°  or  more 
above  the  horizontal. 

In  order  to  check  the  consistency  of  the  mixture  used  in  the 
pouring  tests,  four  control  cylinders  were  made.  The  tests  for 
consistency  were  made  by  filling  6  by  12  inch  cylindrical  molds 
with  concrete  taken  from  the  wheelbarrow  as  it  was  being  wheeled 
to  the  form  for  pouring  the  slab.  The  molds  were  placed  on  a 
smooth,  clean  portion  of  the  concrete  floor  which  had  previously 
been  dampened.  The  molds  were  then  lifted  at  a  uniform  rate  in  a 
line  as  nearly  vertical  as  possible.  This  allowed  the  plastic  concrete 
to  run  out  into  a  puddle  on  the  floor.  The  diameter  of  the  puddle 
thus  formed  was  taken  as  a  measure  of  the  consistency.  After 
the  diameter  of  the  puddle  had  been  measured,  the  concrete  of 
the  control  specimen  was  replaced  in  tne  mold  and  kept  for  a 
compression  test  as^a  control  of  the  strength  of  the  concrete 
which  went  into  the  slab.  The  cylinders  were  removed  from  the 
molds  after  24  hours  and  stored  under  damp  burlap  until  tested. 
Table  i  gives  the  consistency  readings  for  the  control  specimens, 
and  also  the  compressive  strength  when  tested  at  the  age  of  31 
days. 

TABLB  1. — Consistency  snd  Compressiye  Strang  of  Contnd  Cylinders 

[Water  12.5  per  cent  of  oombfaied  weigbt  el  dry  malerieli] 


CfUaterHo. 

BiMdiNe. 

Bacmrlfo. 

rwRlBipf^ 

f^iflmmn  lead 

-sssr 

C) 

Inches 
16K 
10 
16 
13H 
1^ 
11 
13 

Pounds 

103  940 

Lbs./in.« 
3670* 

luida 

102  570 

3620 

4 

7 

9S000 

114  000 

9950 

4030 

•  tbi  ftmrnrnrf  rcaffint  Is'^  dismeter  of  the  puddle  4)1  oefiocte 
iiiGli«yl|MlrksliB0l4.  , 

^  *tmM  BpccWcii  was  made  tHim  a  hand-mixed  batch  just  large 
starting  the  pouring  test. 
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The  concrete  at  the  top  of  the  slab  was  struck  off  even  with  the 
edge  of  the  form  in  order  to  provide  a  means  of  measuring  the 
amount  of  settlement  during  setting.  Later  observations  showed 
that  a  settlement  of  about  one-half  inch  had  occurred  in  a  total 
depth  of  6  feet. 

One  side  form  was  removed  the  second  day  after  pouring  in 
order  to  examine  the  surface  of  the  specimen.  This  surface  is 
shown  in  Fig.  2,  and  its  appearance  indicates  that  the  pouring  was 
satisfactorily  completed.  A  smooth  surface  was  obtained  at  all 
points  on  the  face  of  the  slab.  Even  under  the  wedge-shaped 
strips  used  to  separate  the  individual  slabs  only  one  place  was 
observed  where  a  perfect  filling  was  not  obtained.  This  imper- 
fection was  so  slight,  however,  that  it  is  not  noticeable  in  the 

photograph. 

2.  STRENGTH  TESTS 

It  was  desired  to  see  if  any  variation  existed  in  the  strength  of 
the  concrete  caused  by  differences  in  position  in  the  speci- 
men. Accordingly  the  specimen  was  divided  into  shallow  beams 
for  testing  separately  tmder  transverse  loading.  A  large  amount 
of  steel  was  used  for  tension  reinforcement,  with  the  intention 
of  forcing  f ailiu-e  by  comyession  in  the  concrete.  In  spite  of  that 
provision  all  of  the  specimens  failed  in  tension,  and  the  full  strength 
of  the  concrete  was  not  developed.  , 

Six  sections  were  made  by  dividing  the  specimen  into  beams 
12  inches  wide  and  6  feet  long.  This  separation  was  made  at  an 
age  of  about  3  days  by  breajdng  the  slab  along  the  lines  of 
the  V-shaped  grooves  shown  in  Fig.  2.  The  beams  were  num- 
bered from  I  to  6,  inclusive,  starting  with  the  bottom  of  the 
specimen  as  poured.  They  were  stored  under  wet  biurlap  and 
were  tested  at  an  age  of  31  days. 

The  reinforcement  in  each  shallow  beam  consisted  of  4  five- 
eighths  inch  square  mmmsftrnk  bars  in  the  bottom  and  3  one-half 
inch  plain  round  bars  in  the  top.  The  top  and  bottom  layers  of 
reinforcement  were  separated  by  11  transverse  three-foiuths  inch 
square  spacing  bars  1 2  inches  in  length.  The  amount  of  bottom  rein- 
forcement varied  from  4  to  4. 7  per  cent,  on  account  of  the  variation 
in  thickness  caused  by  uneven  spreading  of  the  form  during  the 
poiuing.  The  beams  were  tested  on  a  span  of  5  feet  6  inches, 
with  the  load  at  two  points  12  inches  apart  and  each  6  inches 
from  the  center  of  the  span.  All  bearing  blocks  were  bedded  in 
plaster  of  Paris.  Deflections  were  measured  at  mid^an  by  means 
of  an  Ames  dial  reading  to  o.ooi  inch. 
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The  measured  thickness  of  the  sections  into  which  the  slab  was 
divided  was  greater  than  the  nominal  dhnension  of  4  mches, 
indicating  that  there  was  a  slight  btdging  of  the  forms  due  to  the 
pressure  of  the  concrete. 

The  compressive  stress  in  the  concrete  at  the  maximum  load, 
as  computed  by  the  parabolic  formtda,  exceeded  the  assumed 
value  of  3500  pounds  per  sqtuure  inch,  and  none  of  the  shallow 
beams  failed  by  compression  in  the  concrete.  Table  2  gives  the 
results  of  the  beam  tests. 

TABLE  2.— Results  of  Shallow  Beam  Tests 


Men- 

wed 
thick- 

Depm 
to  ten- 
sion 
ftoelo 

Ten- 
■kmie-^ 
Inforce- 

men! 

load 

Deflec- 
tion at 
mail- 
load 

CompreasWe 
attets  at  mail- 
mum  load 

Tensne 
attetaat 

mail- 
mnm 

stiaiitbt- 

Unefar- 

nrala 

/. 

Ratio  oompntod 
ftfeaaatmaH- 
mnmleadto 

BemKo. 

Paia- 

tMOk 
inmla 

Stnlfbt- 
Iteetor- 

Com- 

4 

16^M 

4.13 
4.60 
4J8 

5.19 
5.13 
4.44 

taKlwe 

2.75 
2.99 
3.13 
3.28 
3.25 
2.91 

4.7 
4.4 
4^ 
4U) 
4.0 
4.5 

Pooadi 

10  300 

12  580 
n680 

13  2B0 
12  430 

11  280 

lacb 

0.99 
.91 
M 

M 
.86 
.91 

4460 
4770 
4080 
4240 
4250 
4620 

Ll»./iB.> 
6320 
6630 
5650 
5050 
5650 
6250 

40  600 
45  400 
40  200 
43  500 

41000 
41900 

AM 
8.96 
3.96 
3.77 
4il7 

2^ 
2.84 
2.51 

2Jf2 

2.56 

2.68 

•  The  dei»th  ol  tensile  steel  given  assumes  that  the  reinforcement  remained  as  originally  placed  in  the 
form,  and  that  the  form  bulged  eoually  in  both  directions. 

>  In  determining  the  Qitio  ol  the  compressiTe  stress  at  mairinHim  load  to  the  working  stress  the  value  of 
/•  used  was  oomimted  by  the  straight-line  formula,  taking  n*  zo  and  k"a6.  The  working  stress  was  1500 
pounds  per  square  inch.  The  top  layer  ol  bars  was  not  counted  as  reinforcement  as  it  came  prttctica]]y  at 
the  neutral  axis. 

«  The  ratio  ol  the  tensile  stress  at  maximum  load  to  the  working  stress  is  the  factor  ol  safety  against  fail- 
ure by  tension  in  the  rdnf orcement. 

The  computed  compressive  stress  in  the  concrete  of  the  shallow 
beams  at  the  maximtmi  load  was  greater  than  the  strength  of  the 
control  cylinders,  even  though  the  ultimate  strength  of  the  con- 
crete in  the  shallow  beams  had  not  been  reached.  The  average 
strength  of  the  control  cylinders  was  3670  pounds  per  square 
inch.  The  average  computed  compressive  stress  developed  in 
the  beams  at  the  maximtim  load  was  4400  pounds  per  square 
inch  by  the  parabolic  formula  and  6075  pounds  per  square  inch 
by  the  straight-line  formula.  The  ratios  of  the  computed  flexural 
stress  at  maximum  load  to  the  cylinder  strength  were  1.20  and 
1.66  for  calculations  by  the  parabolic  and  the  straight-line  for- 
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mulas,  respectively.    These  ratios  are  consistent  with  results  found 
in  previous  tests.^ 

Under  the  caption  "  Ratio  computed  stress  at  maximiun  load  to 
working  stress'*  the  values  corresponding  to  the  tensile  stresses 
are  the  factors  of  safety  of  the  beams.  The  values  corresponding 
to  the  compressive  stresses  are  not  factors  of  safety,  because  the 
beams  did  not  fail  by  compression.  It  is  apparent  that  the  fac- 
tors of  safety  against  compression  failure  must  have  been  higher 
than  the  ratios  under  the  caption  "  Compression." 

3.  SUMMARY 

(a)  The  test  indicated  that  with  the  gravel  aggregate  used  it 
was  practicable  to  obtain  a  smooth  dense  surface,  such  as  is  re- 
quired in  the  shells  of  concrete  ships,  in  spite  of  the  narrow  and 
constricted  space  between  forms  and  the  obstruction  of  the 
reinforcement. 

(6)  In  the  pouring  test  the  maximmn  compressive  stress  devel- 
oped in  the  concrete  in  flexure  gave  computed  values  averaging 
66  per  cent  higher  than  the  ultimate  compressive  strength  of  the 
concrete  as  determined  by  tests  of  control  cylinders. 

(c)  The  quality  of  concrete  obtained  by  pouring  into  forms 
which  were  well  poimded  during  the  pouring  was  quite  tmiform; 
the  maximum  loads  and  computed  stresses  obtained  in  flexure 
tests  of  shallow  beams  made  from  the  pouring  test  specimens  were 
reasonably  consistent. 

(d)  No  variation  in  the  strength  of  the  beams  due  to  differences 
in  position  in  the  pouring  test  specimen  was  determinable  on  ac- 
cotmt  of  the  fact  that  none  of  the  failures  occtirred  by  compres- 
sion. 

(e)  The  factors  of  safety  against  compression  failure  are  not 
known,  as  the  beams  failed  by  tension.  It  is  apparent,  however, 
that  if  sufficient  reinforcement  had  been  provided  to  prevent 
tension  failure,  the  factors  of  safety  against  compression  failure 
would,  have  been  fotmd  to  be  greater  than  the  values  in  Table  2 
given  as  the  ratio  of  the  stress  computed  by  the  straight-line 
formula  for  the  maximtun  load  to  the  working  stress. 

(/)  The  working  stress  used  in  concrete  ship  design,  1500 
pounds  per  square  inch  in  flexural  compression,  provides  an  ample 
factor  of  safety  against  compression  f ailiue  with  concrete  of  the 
quailty  used  in  these  tests. 

>  SiRter  and  Zipprodt,  Compreasive  Strength  o(  Coocretcin  Fkanire.  Proc.  Amer.  Concrete  Inst.;  1990. 
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concrete  and  to  set  free  the  air  bubbles.  When  the  forms  were 
removed  it  was  found  that  a  smooth  job  of  concreting  had  been 
secured  in  all  except  one  or  two  very  small  areas. 

3.  RBSULTS 

The  results  of  this  test  are  shown  in  Fig.  4.  On  these  diagrams 
the  ordinates  represent  the  head  of  concrete  on  the  pressure  cell 
and  the  measured  pressure  of  the  concrete  against  the  form. 
The  abscissas  represent  the  time  in  minutes  elapsing  after  the 
stuface  of  the  concrete  was  at  the  level  of  the  pressure  cell.  In 
every  case  the  first  reading  on  the  cell  was  taken  from  5  to  10 
minutes  after  the  concrete  had  come  into  contact  with  the  cell. 

From  the  curve  shown  for  cell  No.  i,  it  will  be  noted  that  as 
the  head  of  concrete  increased,  the  pressure  also  increased  almost 
uniformly  up  to  the  maximum  observed  pressure.  However,  30 
minutes  after  the  initial  reading  had  been  taken,  or  approximately 
35  to  40  minutes  after  the  concrete  had  reached  the  level  of  the 
cell,  the  pressure  began  to  decrease  in  spite  of  the  increasing 
head  of  concrete  cm  the  cell.  Apparently  this  decrease  was 
because  the  concrete  which  was  in  contact  with  the  cell  had 
begun  to  harden,  causing  it  ^o  act  more  in  the  nature  of  a  solid 
than  of  a  liquid.  Cell  No.  i  registered  zero  pressure  about  150 
minutes  after  the  initial  reading. 

The  maximum  pressure  indicated  by  cell  No.  i  was  3.1  pounds 
per  square  inch;  the  head  of  concrete  at  that  time  was  about  3.6 
feet.  Assuming  that  concrete  weighs  150  potmds  per  cubic  foot, 
and  also  that  it  acts  as  a  liquid,  its  lateral  pressure  would  be  3.6 
times  150,  or  540  potmds  per  square  foot.  As  the  measiu^ 
pressure  was  equivalent  only  to  446  potmds  per  square  foot,  it 
indicates  that  the  concrete  did  not  act  as  a  perfect  liqtiid.  A 
pressure  of  446  potmds  per  sqtiare  foot  would  be  produced  by  a 
liqtiid  whose  weight  was  only  124  pounds  per  cubic  foot. 

In  the  diagram  for  cell  No.  2  it  will  be  noted  that  after  the 
first  foot  of  concrete  had  been  potued  above  the  cell  level,  very 
little  more  was  placed  for  about  32  minutes,  dtuing  which  time 
the  original  batch  had  begun  to  harden  and  the  pressure  de- 
creased slightly.  After  a  ftulher  interval  of  30  minutes  an  addi- 
tional 2  feet  of  concrete  was  placed  in  the  form,  but  the  pressure 
on  cell  No.  2  did  not  change.  Apparently  this  was  due  to  the  fiu^t 
that  th^  concrete  in  contact  with  the  cell  had  already  hardened. 
Zero  pressure  was  registered  by  this  cell  at  the  end  of  150  minutes, 
notwithstanding  the  gradtially  increasing  head  of  concrete. 


Digitized  by 


Google 


1 2  Technologic  Papers  of  the  Bureau  of  Standards 


•c 

•I 


! 

2 


I 


Digitized  by 


Google 


Pouring  and  Pressure  Tests  of  Concrete  13 

Cell  No.  3  registered  a  maximum  pressure  of  3.2  potmds  per 
square  inch  at  the  end  of  30  minutes  tmder  a  head  of  3.6  feet. 
No  more  concrete  could  be  added,  as  the  form  was  full,  but  addi- 
tional pressure  readings  were  taken  at  intervals  during  the  next 
60  minutes.  Each  succeeding  reading  became  lower  as  the 
concrete  hardened.  The  curve  is  shown  dotted  after  the  last 
reading  to  indicate  the  probable  rate  of  decrease  to  zero  pressure. 
Apparently  zero  pressure  would  be  indicated  in  about  the  same 
length  of  time  as  for  cells  Nos.  i  and  2.  ' 

Cells  Nos.  4  and  5,  which  registered  upward  vertical  pressures, 
present  somewhat  the  same  characteristics  in  the  time-pressure 
curves  as  the  cells  measuring  lateral  pressure,  except  that  they 
show  smaller  pressures  and  reach  their  maxima  sooner.  They 
also  registered  zero  pressure  after  a  shorter  time  interval. 

Only  two  readings  were  taken  on  cell  No.  6,  and  these  have 
not  been  plotted.  Cell  No.  7  showed  no  indication  of  pressure 
whatever,  and  it  was  fotmd  after  removal  of  the  forms  that  no 
concrete  came  into  contact  with  the  cell. 

4.  SUMMARY 

(a)  The  maximum  pressure  against  the  forms  dining  pouring 
of  concrete  was  found  to  be  equivalent  to  that  of  a  liquid  weighing 
about  124  potmds  per  cubic  foot. 

(6)  The  maximtim  pressiure  was  fotmd  to  be  that  due  to  the 
head  of  concrete  existing  at  the  end  of  abottt  40  minutes.  After 
that  time  the  pressture  gradtially  decreased  in  spite  of  increasing 
head  of  concrete. 

These  tests  suggest  the  desirability  of  conducting  further  tests 
to  determine  (i)  the  relation  between  the  pressture  on  the  forms 
and  the  rate  of  increase  in  the  head  of  the  concrete,  and  (2)  the 
influence  of  hardening  of  the  concrete  upon  the  pressure  tmder 
increasing  head. 

Washington,  Jtme  15,  1.920. 
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I.  INTRODUCTION 

Recently  the  Btireau  of  Standards  has  had  numerous  inquiries 
regarding  information  as  to  methods  of  protecting  from  corrosion 
metal  in  storage  for  rather  long  periods.  These  requests  generally 
refer  to  the  protection  of  metal  articles  which  are  of  such  a  nature 
as  not  to  allow  the  application  of  metalUc  coatings,  such  as  gal- 
vanizing, or  of  vitreous  enamels,  paints,  or  varnishes.  It  is  obvious 
that  with  bearing  parts  of  machinery,  coatings  such  as  the  above, 
which  form  dry  and  hard  films  and  can  not  be  easily  removed, 
are  not  suitable.  Our  attention  is  therefore  confined  to  a  con- 
sideration of  protective  coatings  which  remain  in  a  soft  condition 
so  that  they  can  be  easily  removed  at  any  time. 

Regarding  the  length  of  time  these  coatings  will  afford  adequate 
protection,  there  is  little  information  available.  It  is  well  known 
that  good  oil  paint  will  protect  steel  for  several  years  when  exposed 
to  the  weather,  and  that  a  good  varnish  will  protect  steel  for 
several  months.  The  protection  afforded  by  paint  and  varnish 
to  articles  when  kept  indoors  is  very  much  greater  than  when 
exposed  to  the  rays  of  the  sun.  While  no  data  based  on  experi- 
ments are  available,  it  is  safe  to  assume  that  coating  with  a  good 
grade  of  varnish  and  storing  protected  from  the  weather  may  be 
expected  to  preserve  metal  for  several  years.  Paint  xmder  similar 
conditions  may  be  expected  to  preserve  metal  for  a  considerable 
Inumber  of  years.    As  mentioned  above,  however,  these  two  types 
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of  materials  are  not  applicable  for  use  on  the  bearing  parts  of 
machinery,  or  on  many  metallic  articles  which  must  be  protected 
from  corrosion.    Such  bright  metal  is  protected  by  coating  it 
with  a  layer  of  nondrying  grease,  usually  known  as  slushing  oil 
or  slushing  compound. 

IL  NATURE  OF  SLUSHING  OILS 

Slushing  oils  or  slushing  compounds  are  of  a  varied  nature, 
sometimes  being  straight  mineral  greases  (petroleiun  residuum, 
such  as  petrolatum),  sometimes  mixtures  of  mineral  and  animal 
greases  with  or  without  the  addition  of  soap  (such  as  lime  rosin 
or  lime  fatty  acid  soaps),  finely  divided  mineral  matter,  and 
volatile  solvents.  Sometimes  the  petroleiun  base  is  mixed  with 
rosin  or  rosin  oils.  For  example,  certain  branches  of  the  Army 
used  for  a  number  of  years  on  rifles  and  guns  a  compound  com- 
posed of  petrolatum  mixed  with  not  over  20  per  cent  rosin.  Min- 
eral oils  as  fluid  as  light  spindle  oils  have  been  used  for  this  pur- 
pose, but  from  the  discussion  which  will  follow  it  will  be  seen  that 
such  thin  products  are  of  very  doubtful  value  except  for  very 
limited  and  particular  pmposes. 

From  one  of  the  primary  requirements  of  such  materials,  that 
they  should  be  easily  removed  when  desired,  it  follows  that  it  is 
impossible  to  get  a  material  of  this  nature  which  can  not  be  rubbed 
off,  although  there  is  a  very  marked  difference  in  ease  of  removal 
by  abrasion. 

nL  DESIRED  PROPERTIES  OF  SLUSHING  OILS 

An  ideal  slushing  compotmd  is  one  which  can  be  easily  applied 
to  all  kinds  of  metal  surfaces  by  a  variety  of  methods.  It  shotdd 
coat  the  surface  with  a  sufficiently  thick  and  impervious  film  to 
exclude  moisture  and  air  (to  prevent  rusting),  shotdd  remain  in 
position  for  an  indefinite  length  of  time  and  yet  be  completely 
removable  from  the  surface  without  undue  labor.  The  material 
should  itself  have  no  corrosive  action  on  any  kind  of  metal.  It 
is  believed  that  the  above  statements  give  the  essential  require- 
ments of  a  slushing  compound.  In  addition,  however,  it  is  very 
desirable  that  liie  coating  formed  shotdd  be  sufficiently  trans- 
parent so  that  inspection  to  detect  beginning  of  corrosion  can  be 
made  without  cleaning  the  article. 

Metal  articles  which  are  absolutely  protected  from  moisture, 
air,  and  other  gases  will  never  corrode.  It  therefore  follows  that 
any  coating  which  will  permanently  exclude  moisture,  ,air,  and 
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any  other  gases  commonly  met  with  m  the  atmosphere,  and  which 
itself  has  no  corrosive  action  must  of  necessity  protect  the  metal 
from  rust.  There  is,  of  course,  no  material  which  will  to  the  fullest 
extent  meet  all  of  the  above  requirements,  but  for  practical  pur- 
poses it  is  believed  that  a  number  of  materials  of  the  varied 
composition  indicated  above  answer  very  well  for  this  purpose. 
No  such  materials  in  very  thin  films  are  absolutely  impervious  to 
air  and  moisture,  hence  very  fltiid  compounds  that  leave  only 
very  thin  films  on  the  metal  will  not  give  as  good  protection  as 
the  same  character  of  compound  of  a  thicker  consistency. 

IV.   OBJECTION  TO  HARD  AND  FAST   REQUIREMENTS  AS 
TO  COMPOSITION  OF  SLUSHING  COMPOUNDS 

It  follows  from  what  has  been  previously  said  r^arding  varia- 
tion in  the  composition  of  slttshing  compounds  that  any  definite 
limitation  on  composition  of  the  material  desired  may  exclude 
from  consideration  perfectly  satisfactory  materials  which  do  not 
meet  the  particular  requirements  as  to  composition  and  will  thus 
tend  to  increase  price. 

In  some  cases  we  have  noticed  composition  requirements 
which  not  only  limit  in  an  unjustifiable  manner  the  choice  of 
material  for  making  a  satisfactory  article,  but  in  some  cases  are 
so  worded  that  it  is  practically  impossible  to  sectu'e  any  material 
which  will  meet  the  requirements.  For  example,  we  have  seen 
specifications  which  called  for  practically  piu^  petroletun  products 
free  from  even  a  minute  trace  of  acid.  This  clause  was  probably 
introduced  because  the  adds  most  commonly  thought  of,  mineral 
adds  and  the  strong  organic  adds,  are  corrosive  to  metal,  and 
such  substances  should  not  be  present  in  any  material  intended 
for  protecting  metal  ttom  corrosion.  On  the  other  hand,  some 
resin  adds  have  practically  no  effect  on  the  common  metals,  and 
resins  ccmtaining  these  adds  are  frequently  very  valuable  addi- 
tions to  slushing  oils,  producing  products  whidi  have  superior 
physical  properties  to  the  original  petroleum  base.  Even  without 
the  addition  of  such  resins,  the  petroleum  base  will  never  be  free 
from  small  quantities  of  add.  It  is  well  known  that  all 
petroleum  products  when  exposed  to  light  and  air  develop  more 
than  traces  of  add  (Waters,  B.  S.  Scientific  Papers,  No.  153,  and 
Technologic  Paper  No.  73). 

Another  requirement  which  has  appeared  in  certain  specifica- 
tions and  which  appears  to  have  originated  in  erroneous  applica- 
tion of  certain  well-known  facts  is  that  the  material  should  con- 
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tain  chemicals  that  are  known  to  be  rust  inhibitors.  It  would,  un- 
doubtedly, be  a  good  thing  to  secure  a  slushing  oil  to  which  actual 
rust-inhibiting  properties  had  been  giveiji.  Unfortunately,  there 
is  no  known  method  of  so  altering  these  materials  as  to  render 
them  anything  but  at  best  inert  in  themselves.  Regarding  the 
inhibition  of  rust,  it  is  of  course  well  known  that  certain  chemicals 
under  particular  conditions  produce  a  so-called  passive  condition 
of  iron,  leaving  the  surface  in  a  condition  which  resists  rust  for 
limited  periods  of  time  or  resists  rust  under  particular  conditions 
of  exposure.  The  well-known  example  of  treating  iron  with  very 
concentrated  nitric  acid  might  be  mentioned,  and  of  course  it  is 
ridiculous  to  consider  that  nitric  acid,  because  under  certain 
conditions  it  renders  iron  passive,  would  be  a  good  material  to  add 
to  a  material  for  protecting  iron  from  rust. 

Iron  and  steel  immersed  in  water  solutions  of  strong  alka- 
lies will  not  rust  as  rapidly  as  when  immersed  in  pure  water. 
The  water  solutions  of  soluble  chromates  are  among  the 
best  known  rust-inhibiting  substances,  and  if  iron  or  steel  is 
kept  immersed  in  an  aqueous  solution  of  soluble  chromate, 
it  will  resist  rust  for  a  much  longer  time  than  the  iron 
immersed  in  water.  This  property  of  soluble  chromates  appears 
to  have  been  the  basis  of  the  idea  that  rust-resisting  chemicals 
could  be  satisfactorily  added  to  slushing  oils.  One  can  not 
predict  the  action  of  chemicals  when  incorporated  in  any  way 
with  an  oily  meditun  from  the  action  of  these  same  chemicals 
when  in  water  solution,  as  is  shown  very  clearly  by  some  very 
interesting  experiments  which  were  conducted  on  paints. 

It  had  been  found  that  some  paint  pigments,  when  suspended 
in  water,  had  a  marked  influence  on  the  ^)eed  with  which  iron 
and  steel  immersed  in  the  water  rusted.  A  large  ntunber  of  paint 
pigments  were  tested  in  this  manner,  and  it  was  foimd  that  they 
cotild  be  divided  into  three  classes — ^those  in  which  the  iron  or 
steel  rusted  very  much  slower  than  in  pure  water,  which  for  sake 
of  convenience  were  called  water  inhibitors;  those  in  which  the 
iron  or  steel  immersed  in  water  containing  pigment  rusted  in  about 
the  same  degree  as  in  pure  water,  which  were  called  indeterminates; 
and  those  in  which  the  iron  or  steel  immersed  in  water  containing 
the  pigment  rusted  distinctly  more  rapidly  than  when  in  pure 
water,  which  were  called  water  stimulators.  This  fact  attracted 
so  much  attention  that  very  extensive  tests  were  made  to  ascer- 
tain whether  these  same  pigments  in  an  oily  vehicle  would  behave 
in  the  same  manner  as  they  did  in  suspension  in  water.    These 
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tests  were  carried  out  under  the  direction  of  two  committees  of 
the  American  Society  for  Testing  Materials.^  The  committees 
of  this  society  carefully  inspected  these  tests,  which  extended 
over  a  period  of  more  than  five  years,  and  in  rendering  their 
final  report  made  the  following  statement: 

The  summarized  results  indicate  that  the  water  test  as  at  present  developed  can 
not  be  depended  upon  to  give  accurate  information  as  to  the  protection  which  pigments 
will  or  will  not  a&xd  metal  structures  when  such  {Mgments  are  applied  in  oil  media. 
The  summarized  results  also  indicate  that  the  arbitrary  designations,  inhibitive, 
indeterminate,  and  stimulative,  as  referring  to  the  results  of  the  water  test,  are  not 
always  applicable  to  the  same  pigments  when  used  with  linseed  oil  for  protective 
coatings. 

A  single  illustration  taken  frcmi  tests  on  numerous  pigments  by 
the  above-mentioned  committee  will  convince  one  that  this  con- 
clusion was  entirely  justified  as  respects  paints.  Among  the  pig- 
ments selected  were  two  samples  of  Prussian  blue,  Nos.  44  and 
45.  No.  44  Prussian  blue  was  intentionally  selected  as  one 
which  in  the  preliminary  water  test  acted  as  a  stimulator 
of  corrosion.  No.  45  was  one  which  under  the  water  test  acted 
as  an  inhibitor  of  corrosion.  This  Prussian  blue  No.  45  contained 
some  chromate.  In  June,  191 3,  before  the  conclusion  of  this 
test,  it  was  necessary  to  remove  some  of  the  panels,  and  the 
committee  selected  for  discontinuing  a  number  of  panels  which 
at  that  time  were  considered  as  having  failed;  among  them  was 
the  inhibitive  Prussian  blue  No.  45,  whereas  the  stimulative 
Prussian  bhie  No.  44  was  not  included  in  this  list.  It  is  probable 
that  these  observations  were  never  carefully  considered  by  the 
people  who  have  advocated  the  use  of  so-called  rust-inhibiting 
chemicals  in  slushing  oils.  80  far  as  the  writers  know,  all  manu- 
facturers who  have  attempted  to  produce  slttshing  oils  contain- 
ing rust-inhibitive  chemicals  have  prepared  a  product  which  was 
essentially  an  emulsicm  of  a  water  solution  of  sodium  or  potassium 
chromate  in  a  straight  petroletun  residue  base.  A  careftd  con- 
sideration of  the  nature  of  this  mixture  would  lead  one  to  the 
conclusion  that  the  water  solution  of  the  chromate  could  not 
possibly  have  any  beneficial  effect.  Such  a  material  when  com- 
pleted would  consist  of  a  large  quantity  of  heavy  petroleum 
product  with  minute  globules  of  water  solution  of  chromate 
distributed  through  it.  These  globules  do  not  come  in  contact 
with  the  metal  on  which  the  slushing  compound  is  coated  and 
hence  can  have  no  effect  as  rust  inhibitors^    Soluble  cfaromates 

*  A.  S.  T.  M.  Prooeedincs,  IX«  p.  106, 1909;  X*  p.  75»  1910;  XI«  p.  199, 1911;  Xin«  p.  369, 1913;  XIY* 
Fvt  X,  p.  fl59.  I9S4S  X?«  Ftft  t, p.  AM,  S9C5* 
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frequently  cause  serious  injury  to  the  skin,  and  some  users  of 
dttshing  oils  containing  chromates  have  been  obliged  to  abandon 
them  on  this  accoimt. 

V.  LABORATORY  TESTS  ON  SLUSHING  COMPOUNDS 

A  few  months  after  the  United  States  entered  the  Great  War, 
the  Bureau  of  Standards  started  to  receive  samples  of  rust  pre- 
ventives from  branches  of  the  War  Department.  This  material 
was  intended  for  use  on  guns,  rifles,  and  small  arms  and  was 
purchased  on  a  somewhat  indefinite  specification.  At  the  request 
of  the  War  Department  the  following  tests  were  made  on  these 
samples:  (i)  Test  for  mineral  add;  (2)  test  for  rosin;  and  (3)  an 
adhesion  test. 

A  test  was  made  for  mineral  add  by  heating  some  of  the  sample 
with  distilled  water  and  qualitatively  testing  the  water  portion 
for  add  in  the  usual  way.  Rosin  was  detected  by  the  Liebermann- 
Storch  reaction.  The  adhesion  test  was  performed  as  follows: 
The  sample  was  smeared  on  both  sides  of  a  tared  copper  plate 
2  inches  square  and  0.0063  inch  in  thickness.  This  plate  was 
then  suspended  by  one  comer  in  an  oven  and  maintained  at  a 
temperature  of  65®  C  (149®  F)  for  30  minutes.  After  cooling, 
the  plate  was  wdghed.  An  increase  in  wdght  of  the  plate  of 
not  less  than  65  and  not  more  than  85  mg  was  required. 

The  above  tests  probably  gave  very  little  information  as  to  the 
merits  of  a  given  Pushing  oil.  From  results  of  work  done  later, 
it  is  believed  that  no  adhesion  test,  where  the  film  of  oil  remain- 
ing adherent  to  a  test  plate  under  set  conditions  is  weighed,  can 
be  relied  upon  to  differentiate  between  good  and  bad  rust  preven- 
tives. 

Practically  all  the  samples  of  slushing  oil  examined  for  the 
War  Department  by  the  methods  outlined  above  were  straight 
mineral  oils  of  the  consistency  of  petrolatum  and  did  not  contain 
thinners  or  mineral  matter. 

During  the  summer  of  1918  the  Biu'eau  of  Standards  recdved 
at  different  times  various  samples  of  rust  preventives  from  the 
War  Department  with  a  request  in  each  case  that  certain  extrava- 
gant rust-inhibiting  qualities  claimed  by  the  manufacturer  be 
investigated. 

These  compotmds  were  analyzed  in  so  far  as  it  was  possible 
and  in  addition  it  was  thought  best  that  some  comparative  test 
be  made,  using  one  of  the  regular  samples  of  rust  preventive  in 
use  by  the  War  Department  as  a  standard  of  comparison.    To 
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this  end  exposure  tests  on  bright  steel  plates  were  made.  These 
exposure  tests  have  proved  to  be  of  very  great  value  m  the  evalua- 
tion of  rust  preventives,  and  the  details  of  the  method  will  be 
explained  at  this  pomt:  Bright  cold-roUed  steel  of  No.  26  gage 
was  cut  mto  pieces  measuring  4  by  6  inches  and  carefully  cleaned 
by  the  use  of  cotton  waste  and  benzene.  The  sample  of  rust 
preventive  was  then  applied  to  these  plates  either  by  dippii^^, 
brushing,  or  smearing  on  with  a  spatula,  according  to  the  nature 
of  the  material  It  was  found  convenient  to  tack  the  plate  to  a 
board  before  appljring  the  slushing  oil,  so  that  the  coated  plate 
could  be  carried  without  danger  of  disturbing  the  fifan  of  rust 
preventive.  The  coated  plates  were  allowed  to  stand  for  one  day 
in  the  laboratory  in  an  upright  position  and  were  then  exposed 
outdoors  at  an  angle  of  45®,  facing  south.  They  were  inspected 
at  intervals  of  every  few  days  and  a  record  kept  T)f  the  condition 
of  the  various  plates. 

These  exposure  tests  proved  to  be  of  great  value  in  the  com- 
parison of  a  number  of  samples.  The  length  of  time  before  rust 
appeared  on  the  plate  was  influenced  very  largely  by  the  kmd 
of  weather  and  the  season  of  the  year,  so  that  the  tests  were 
only  comparative.  These  first  exposure  tests  indicated  one  fact 
which  has  been  confirmed  m  nearly  all  cases  by  later  series  of 
tests,  namely,  oils  of  thin  consistency  give  very  poor  protection 
to  steel  exposed  to  weather  as  compared  with  oils  of  greater 
body  and  hence  greater  adhesiveness.  This  is  a  conclusion  which 
seems  most  logical. 

At  the  time  when  these  first  exposure  tests  were  made,  an 
interesting  phenomenon  was  noted.  A  compound  was  being 
examined,  the  mantifacturers  of  which  claimed  it  possessed  rust- 
inhibiting  qualities.  This  material  was  foimd  to  be  essentially 
an  emulsion  of  a  small  amount  of  a  water  solution  of  a  chromate 
in  heavy  mineral  oil  The  rust-inhibiting  properties  of  chromates 
in  slushing  oils  have  already  been  discussed  on  page  6.  When 
this  sample  was  applied  in  the  usual  way  to  bright  steel  plates, 
either  by  smearing  on  the  compoimd  from  the  original  container 
or  else  by  applying  the  melted  material,  and  the  plate  allowed  to 
stand  in  an  upright  position  in  the  laboratory,  it  was  noted  that 
the  film  of  rust  preventive  slipped  down  the  siuf  ace  of  the  metal. 
The  material  did  not  melt  on  the  panel  and  nm  off,  but  the  whole 
film  moved  down  the  plate  like  a  glacier  and  left  the  surface  of 
the  metal  bare.    At  first  it  was  believed  that  the  slipping  of  this 
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fiarttcular  rust  preventive  was  due  to  the  small  amount  of  water 
present  in  the  oil  chromate  solution  emulsk)n.  However,  other 
0hi^iing  oils  were  found  later  which  were  free  from  water  and 
wfaieh  showed  the  same  phenomenon  of  slipping  from  bright  metal 
surfaces. 

The  cause  for  this  ^pping  observed  in  cases  of  certain  rust 
pftrveiitives  has  not  been  determined.  It  is  readily  seen  that 
a  property  of  slipping  from  bright  metal  is  a  very  serious  defect 
in  a  ?<hi8hing  oil.  At  the  suggestion  of  the  Bureau  of  Standards, 
certain  Government  specifications  have  included  the  following 
dause  or  a  similar  requirement: 

Wlien  a  M^y  poliaihed  steel  plate  3  by  5  inches,  coated  with  rust  preventive,  is 
$lk)m^  to  stand  on  the  shortest  side,  with  the  longest  side  vertieal,  for  one  weelt, 
there  shall  be  no  slipping  of  the  rust  preventive  and  no  portion  of  the  steel  suif aoe 
shall  be  exposed  through  movement  of  the  protective  coating. 

The  above  clause,  it  was  believed,  would  eliminate  those  rust 
preventives  which  possessed  the  serious  defect  of  slipping. 

After  the  signing  of  the  armistice  different  branches  of  tha 
War  Dq)artment  became  concerned  in  the  problem  of  steerage 
of  guns»  airplane  ex^^es,  machines,  etc.  The  Bureau  of  Standards 
received  ntunerous  requests  for  information  as  to  the  best  methods 
for  the  protection  of  metal  ircmi  corrosion  during  storage  for  long 
periods  of  time.  Mimeographed  sheets  entitled  ''Notes  (m 
Protecticm  <A  Metal  in  Storage"  were  prepared  and  issued  on 
January  4,  1919.  In  these  notes  tentative  specifications  were 
outlined  for  three  different  types  of  rust  preventive:  Brushing 
consistency,  dipping  consistency,  and  an  opaque  compotmd  for 
^)ecial  uses. 

These  specifications  did  not  dwell  upon  conq>osition  of  material^ 
but  an  attempt  was  made  to  include  certain  laboratory  tests 
which,  in  conjunction  with  the  comparative  exposure  tests, 
should  give  a  basis  for  the  evaluation  of  different  samples  of 
slushing  oils. 

A  new  adhesion  test  was  prescribed  which  differed  considerably 
from  the  War  Department  method  previously  described  on  page 
8.    This  modified  adhesion  test  was  as  follows: 

(0)  tVfO  polished  copper  plates  5  by  5  cm  and  not  moie  than  i.o  mm  thick,  will  be 
weighed  and  then  coated  on  both  sides  with  the  slushing  oil.  One  of  these  plates  wiU 
be  suspended  by  one  comer  for  30  minutes,  in  an  oven  at  75®  C,  the  other  in  an  oven  at 
65*  C.  The  two  plates  will  then  be  weighed.  The  oil  remaining  on  the  plate  heated  at 
<S5^  CAall  «ei|^  not  less  than  60  mg  and  the  oil  remaining  oai  the  plate  heated  to  75^  C 
aball  not  be  less  than  thiee-fourths  as  much  as  that  remaining  on  the  plate  heated  to 
6s^C 
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(b)  When  appHed  to  a  poAuhtd  metal  plate  xo  by  15  cm  and  the  plofce  then  held  in 
a  vertical  position  at  any  temperatnxe  between  15^  and  35^  C  for  5  days,  the  ooat  d 
slushing  oil  shall  remain  adherent  to  the  metal,  shall  not  slide  appreciably  from  the 
top  edge  %d  tbt  plate  nor  leave  any  portion  of  the  surface. 

The  clatise  which  required  that  75  per  cent  as  much  material 
remain  on  the  plate  at  75®  C  as  remained  at  65^  C  was  designed 
to  eliminate  those  rust  preventives  which  rapidly  lose  their 
adhesive  qualities  with  a  slight  increase  in  temperature.  The 
weight  of  material  required  to  remain  on  the  plate  after  30  minutes 
at  65**  C  was  arbitrarily  taken  at  60  mg  or  more  in  the  case  of 
dusldng  oils  of  brushing  consistency  and  30  mg  or  more  in  th^ 
case  of  slushing  oils  of  dipping  consistency. 

Experience  with  these  adhesion  tests  has  shown  them  to  be 
of  doubtful  value  in  the  examination  of  slushing  oils.  This  point 
will  be  discussed  in  full  further  on. 

In  the  question  of  add  content  of  rust  preventives  a  very 
radical  departure  was  made.  Most  slushing  oil  specifications 
required  that  **no  add  be  present."  As  already  pointed  out  oil 
page  5,  pure  mineral  oils  are  likdy  to  devdop  traces  of  add 
on  expostire  to  light  and  air.  Furthermore,  the  detection  of 
traces  of  add  in  a  petroleum  is  not  certain  by  present  methods. 
For  these  reasons  it  was  not  specified  that  no  add  be  present^ 
but  a  requirement  was  added  in  the  specification  that  '*  the  TWd 
preventive  in  question  should  not  corrode  bright  copper,  brass^ 
nickel,  or  iron  after  five  days."  It  is  firmly  believed  that  this 
requirement  in  regard  to  corrosion  effectively  excludes  any 
slushing  oils  which  contain  harmful  add  in  quantity  sufficient  to 
cause  trouble  in  actual  use.  Harmful  adds  which  may  be  present 
in  rust  preventives  cause  stains  to  appear  upon  bright  copper 
and  brass  in  a  comparativdy  short  time,  and  therefore  tiieae 
metals  act  as  sensitive  indicators  of  the  presence  of  corrosive  sub- 
stances in  the  slushing  oil. 

The  exposure  tests  made  on  bright  steel  and  already  described 
in  some  detail  are  believed  to  be  the  most  important  of  all  the 
tests  proposed  in  the  new  tentative  q)edfication8  for  slu^iiog  oiL. 

Since  almost  any  rust  preventive  in  use  may  be  sub|ect  to 
expostu'e  to  the  weather,  the  most  vital  property  of  a  good  slush- 
ing oil  should  be  that  it  give  an  impervious  and  lasting  film  €m 
metal,  even  when  subjected  to  the  action  of  rain,  snow,  and 
rapidly  changing  temperature.  The  great  objecticm  to  exposure 
tests  is  the  length  of  time  that  is  needed  to  make  them  properly. 
Plates  must  be  exposed  for  at  least  30  days,  and  better  for  a  space 
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<rf  two  m(niths,  in  order  to  draw  any  valuable  conclusions.  The 
time  of  the  year  must  also  be  taken  into  account,  because  hot 
summer  weather  with  rain  is  much  more  severe  on  rust  preven- 
tives than  cold  winter  weather  with  snow  and  ice. 

A  few  months  after  the  circular  **  Notes  on  Protection  of  Metal 
in  Storage  "  had  been  issued,  one  of  the  ptu-chasing  btu^aus  of  the 
War  Department  sent  in  a  large  ntunber  of  samples  of  slushing 
oil  with  a  request  that  an  examination  of  these  materials  be  made 
to  determine  if  possible  which  brands  were  best  suited  for  rust 
prevention.  There  were  44  samples  in  all,  and  tests  were  begun 
at  once,  using  the  methods  of  test  outlined  in  the  specifications 
of  the  circular  of  January,  1919. 

The  44  samples  were  first  grouped  into  three  classes:  Class  i, 
the  transparent  materials  of  brushing  consistency  at  temperatures 
above  io.°  C  (50^  F);  class  2,  the  opaque  materials  of  brushing 
consistency  at  temperatures  above  10°  C  (50°  F);  class  3,  the 
materials  of  dipping  consistency  at  temperatures  sibove  10^  C 
(50^  F). 

Each  one  of  the  44  samples  was  examined  tmder  all  the  labora- 
tory tests  given  in  the  circular,  and  in  addition  each  material 
was  ashed  and  the  percentage  and  nature  of  the  ash  determined, 
the  aeid  ntunber  was  determined,  and  a  qualitative  test  for  rosin 
was  made  in  each  case. 

The  results  of  the  laboratory  tests  will  be  found  in  Table   i. 

Exposure  tests  lasting  for  a  period  of  60  days  were  made  on 
all  the  samples.  The  materials  which  flowed  readily  at  room 
temperature  were  applied  by  flowing  an  excess  of  oil  over  the  plate 
apd  allowing  the  surplus  to  run  off.  The  materials  which  were 
semisolid  at  room  temperature  were  applied  in  two  ways:  (i)  One 
set  of  plates  was  coated  by  smearing  on  an  excess  of  material  as 
it  came  from  the  container;  (2)  another  set  of  plates  was  coated 
with  melted  material.  The  plates  were  coated  on  July  18,  1919, 
and  exposed  to  the  weather  on  July  19,  191 9.  The  weather  con- 
ditions during  the  following  60  days  were  unusually  severe.  There 
w^re  many  hard  rains  with  intervals  of  hot  simny  days.  Some 
of  the  materials  which  did  not  stand  up  well  in  the  exposure  tests 
might  give  good  protection  imder  less  severe  weather  conditions, 
but  the  tests  were  intended  to  be  severe.  It  is  beUeved  that  a 
satisfactory  rust  preventive  should  stand  up  well  on  metal  for  at 
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least  60  days  when  exposed  to  the  most  severe  weather  conditions 
which  may  prevail  at  points  where  the  material  is  to  be  put  in 
service. 

The  results  of  the  expostupe  tests  upon  the  44  samples  after  60 
days  on  the  roof  are  given  in  Table  2. 

In  order  to  compare  the  results  obtained  in  the  exposure  tests 
with  the  results  in  the  laboratory  tests,  Table  3  was  prepared. 
It  must  be  kept  in  mind  that  several  of  the  rust  preventives  of 
semisolid  consistency  were  applied  to  the  steel  plates  in  the 
exposure  test  both  as  a  paste  and  in  a  melted  condition.  Where 
different  protection  was  given,  depending  upon  the  mode  of  appli- 
cation, that  sample  of  slushing  oil  has  been  cotmted  twice  and  the 
same  compound  may  appear,  for  example,  listed  as  both  "fair" 
and  "failure." 

It  is  a  f^t  worthy  of  note  that  nearly  all  the  compounds  of 
semisolid  consistency  gave  the  best  protection  in  the  exposure 
test  when  they  were  applied  to  the  steel  plate  in  a  melted  condition. 

An  examination  of  Table  3  shows  that  a  strict  interpretation 
of  the  laboratory  tests  given  in  the  tentative  specification  of 
January,  1919,  would  have  excluded  many  compotmds  which 
showed  up  well  on  exposure  and  would  have  passed  at  least 
three  compotmds  which  failed  in  the  exposiure  test.  For  example, 
if  the  five  compotmds  excluded  in  the  laboratory  tests  because 
the  resulting  film  was  not  removable  with  kerosene  are  not  con- 
sidered, we  fijid  that  a  strict  interpretation  of  the  adhesion  and 
slipping  tests  alone  would  have  excluded  one  compotmd  rated 
as  perfect  in  the  exposing  test,  one  compound  rated  as  good,  and 
eight  compotmds  rated  as  fair,  while  two  samples  rated  as  com- 
plete failture  and  one  sample  rated  as  partial  failure  wotdd  have 
been  accepted  from  the  results  of  the  laboratory  tests  alone. 

The  above  comparison  shows  clearly  that  it  Was  unwise  to 
depend  entirely  upon  laboratory  tests  outlined  in  the  tentative 
specifications  for  decision  in  regard  to  acceptance  or  rejection  of 
rust  preventives. 
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TABLE  2.->Ra8cilt8  of  Eipomsre  Tests  for  60  Days  ttpoii  44  Sanwles  of  Rust  Pre- 
ventive Received  from  the  War  Department  on  July  ll,  1919 


B.  8.  lebontay  No. 

MMe- 

rlal8« 

Appeesmce  ol  flnt 
nvt 

OondlUni   ol  plale 
after  60  daya  6 

55784 

L 
L 
L 
S 
M 

L 
8 
M 
L 
8 

M 
8 
M 
8 
M 

L 
L 
L 
L 
L 

L 
L 
8 

f 

M 
8 
M 
8 
M 

8 
M 
L 
8 
M 

L 
8 
M 
8 
M 

8 
M 
L 
L 
L 

8 
M 
8 
M 
8 

After2daM 

Partnl  falhirt. 

55785 

After  35  dayt 

After  2  days 

55786 

Pair. 

55787 

do 

After  22  days 

After  4daya 

After  2daya 

After  4  daya    .... 

55787 

Do. 

55788 

55789 

55789 

Fair. 

55790 

After2daya 

After3daya 

After  60  daya 

After  46  daya 

After  27  daya 

After  46  daya 

After  26  daya 

After  60  daya 

After  2daya 

.....do... .....•••••.. 

do 

Ifono         

Complete  lalhife. 
Putfil  flallnre. 

55791 

55791 

Good. 

55792 

Fair. 

55792 

Partial  faUvr** 

55795 : 

Fair. 

55793 

Do. 

55794 

Oood.c 

55795 

ComoMe  lailnre. 

55796 

55797 

Do. 

55796 

Pertaot.c 

55799 

After  4  daya 

After  60  daya 

None.. 

After  §2  daya 

Vooe .. 

55000 

55801 

Perfect 

55801 

Fair. 

\55802... 

Pertaot. 

>•  55802 

do   

Do. 

55803 

After  2  daya. 

do 

do 

do 

Hone     

55803 

Fair. 

55804 

55804 

CompMe  taltaM* 

55805...  . 

55805 

do         

Do. 

55806 

After  18  daya 

After  2  daya 

After  46  daya 

After  10  daya. 

After  14  daya 

After  2  daya. 

.....do... .>.•••»••••• 
do 

do 

After  18  daya 

After  2  daya 

Oomoletotelliire. 

55807 

55807 

Fair. 

55808 

aaMSr 

55809 

55809 

Do. 

55810 

Do. 

55810 

Do. 

55811 

Fair. 

55811 

Do. 

55812 

ComjMe  faiktfe. 

55813 

do 

None     .    ...«.•••.. 

55814 

Pg||,r| 

55815 

After  2  daya 

.....do 

do 

do 

After  10  daya. 

Fftir. 

55815 

Do. 

55816 

Oom^  lallura. 

55816  ...        .     .                            

55817 '. 

Fftir. 

•  Materials  marked  "h**  were  liotsida  at  room  tempetature  and  were  ai>pHed  to  the  platea  as  audi; 
materials  marked  "S"  were  semisolids  and  were  smeared  on  the  plates  as  a  paste;  in  sddstion  the  scmif- 
solid  materials  were  mdted  and  applied  to  platea  as  liquids,  and  in  sndi  cases  the  mark  "M**  appears. 

ft  Ratings  are  given  as  follows:  ''  Perfect,     where  the  exposed  steel  plate  shows  no  evidence  of  rast; 


"good/*  where  the  plate  shows  evidence  of  only  a  superfidafand  slight  amount  of  rust;  "fidr."  where  the 
plate  shows  decided  evidence  of  rust,  but  where  a  large  percentage  of  the  surface  is  still  free  from  rust; 
'  partial  failure/*  where  at  least  one-third  of  the  surface  of  the  plate  is  covered  with  rust;  **  complete  failure," 
iniere  the  entire  surface  of  the  'plate  is  covered  with  rust. 

•At  the  end  of  the  6o  days'  exposure  thia  ooatinf  could  not  be  readily  removed  by  waste  wet  with 
kerosene. 
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TABLE  2.— Results  of  Bxposure  Tests  lor  60  Days  upon  44  Samples  of  Rust  Pre- 
▼entire  Received  from  the  War  Department  on  Joly  11, 191$^— Continued 


B.  S.  laboratory  No. 

Mate. 

rials 

Appoaranco  of  flnt 
rust 

Conditloii  of  plate 
after  60  days 

55817 

M 
S 
M 

I 

L 

I 

L 

I. 
L 

After  14  days 

After  2  daya 

Fair. 

55818 

Partial  faUitre. 

55818 

1>0. 

55819 

<fiSS20 

55821                      

After  3  days 

None 

Complete  fallore. 
Perfect.« 

After  2  days 

Con^te  teiiiut. 

55822 

do .' 

55823 

55824 

After  22  days. 

After  27  days 

After  22  days 

Alter2days 

Fair.<> 
Do.a 

55825 

55826.                                

Do.« 

55827 

.^do..^ 

a  At  the  end  o(  the  60  days'  cacposnre  this  coating  could  not  be  readily  removed  by  waste  wet  with 
kerosene. 

TABLE  3. — ^Relation  Between  Rating  of  Exposure  and  Results  of  Laboratory  Tests 
upon  44  tSsmples  of  Rust  Preventrre  from  the  War  Department 


Rating  hi  a^poaore 

Com. 

Passed 

aMUb- 

oratery 

tests 

Failed 

adhetlwi 

test 

Failed 

•UpplDS 

test 

Failed 
corro- 
sion 
test 

Failed 

both 

adhesion 

and 

Failed 

both 
adhesion 

and 
corrosion 

tests 

Fttannot 

remov. 

ablewfth 

kerosene 

Perfect. 

6 
3 
IS 
10 
19 

0 
0 
3 
3 
1 

0 
0 

1 

0 
5 

0 
0 
2 
0 
3 

Good. 

Fair 

Fftrtial  lallnia 

Exposure  tests  on  steel  panels  seemed  to  be  a  satisfactory 
method  for  distinguishing  good  slushing  oils  from  poor  ones,  but 
this  method  was  open  to  at  least  two  very  serious  objections.  In 
many  cases  the  decision  as  to  acceptance  or  rejection  of  rust 
preventives  must  be  made  in  less  than  60  days,  and  in  some  cases 
it  would  not  be  possible  to  await  the  results  of  an  exposure  test 
for  a  period  of  even  30  days.  The  results  of  exposure  tests  on 
rust  preventives  are  influenced  to  a  very  great  extent  by  weather 
conditions.  Hot  summer  weather  is  a  much  more  severe  test  upon 
a  slushing  oil  than  cold  winter  weather,  and  it  is  conceivable  that 
a  compound  might  be  accepted  upon  the  basis  of  60  days  exposure 
in  winter,  while  the  same  material  might  be  rejected  from  the 
results  of  summer  exposure. 

It  was  therefore  seen  to  be  very  important  that  some  laboratory 
tests  be  devised  which  would  tell  in  a  short  time  whether  a  given 
rust  preventive  would  protect  exposed  metal  under  any  con- 
ditions  of   weather,  especially  the  severe  conditions  met  with 
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dtiring  the  summer  near  the  seacoast  with  the  accompanying 
salt-laden  air.  In  some  of  the  work  already  described  it  had  been 
noticed  that  certain  compotmds  seemed  to  be  literally  washed 
from  the  exposed  steel  plate  by  the  first  heavy  rainfall.  To 
distinguish  this  fatal  defect  in  slushing  oils,  an  artificial  rain  test 
was  devised  which  will  be  described  in  detail  further  on. 

It  was  considered  that  the  failiu*e  of  rust  preventives  which 
were  not  washed  oflf  the  plate  by  rainfall  was  due  to  some  one 
or  more  of  three  things:  Either  the  material  itself  corroded  metal, 
or  it  was  more  or  less  porous  and  allowed  moistture  to  penetrate 
the  film,  or  the  rust  preventive  did  not  remain  adherent  to  the 
metal  owing  to  slippage  or  melting  off  of  the  coating  by  the  heat 
of  the  Sim. 

It  was  believed  that  the  detection  of  corrosive  materials  in  the 
rust  preventive  itself  was  covered  in  an  efficient  manner  by  the 
corrosion  test  given  in  the  original  tentative  specifications  of 
January,  1919,  and  no  change  was  made  in  this  test. 

A  so-called  oven  salt-spray  test  was  devised  in  which  an  attempt 
was  made  to  simulate  to  a  certain  extent  the  combined  con- 
ditions of  hot  weather  and  salt-laden  air  near  the  ocean.  This 
new  test  was  also  designed  to  show  up  rust  preventives  which 
were  porous  or  possessed  the  defect  of  slipping. 

A  specification  for  slushing  oils  was  drawn  up  which  embodied 
the  new  oven  salt-spray  test  and  the  rain  test.  A  comprehensive 
examination  of  a  series  of  rust  preventives  was  made  according 
to  these  tests,  and  the  specification  was  altered  in  certain  details 
until  the  form  given  below  was  the  final  result. 

VI,  PROPOSED  SPECIFICATIONS  FOR  SLUSfflNG  GREASES 
SUITABLE  FOR  THE  PROTECTION  OF  EXPOSED  BRIGHT 
METAL 

1.  The  material  shall  furnish  a  coating  that  shall  firmly  adhere 
to  all  metal  surfaces  at  all  temperatures  at  which  they  may  be 
exposed  under  nattu'al  conditions. 

2.  The  coating  shall  permanently  remain  in  such  a  condition 
that  it  can  be  readily  removed  with  cotton  waste  wet  with 
kerosene. 

3.  Corrosion  Test. — ^When  applied  to  polished  iron,  steel, 
brass,  and  copper  surfaces  and  exposed  at  any  temperature  below 
100°  C  (212°  F)  for  a  period  of  not  less  than  five  days,  there  shall 
be  no  stains  on  the  metal  or  other  evidence  of  corrosion  due  to 
the  slushing  oil. 
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4.  Oven  Salt-Spray  Rain  Test. — Four  oright  steel  plates 
approximately  4  by  6  inches  shall  be  tacked  to  separate  boards 
and  thoroughly  cleaned  by  the  use  of  benzene.  The  slushing  oil 
to  be  examined  shall  be  melted,  if  not  already  liquid,  and  an 
excess  flowed  over  the  plates.  One  of  the  plates  shall  be  kept  in 
a  vertical  position  in  the  laboratory  for  24  hotu-s  and  then  placed 
in  a  rack  on  the  roof  so  that  the  plate  shall  be  inclined  at  an  angle 
of  45°  to  the  vertical,  facing  south.  The  plate  shall  be  sprayed 
lightly  with  a  3  per  cent  salt  solution  on  the  first  day.     The  other 

3  plates  shall  be  htmg  in  a  vertical  position  in  an  oven  and  main- 
tained at  a  temperature  of  45  to  50°  C  (i  13  to  122°  F)  for  at  least 
48  hours.  The  plates  shall  be  removed  from  the  oven,  allowed  to 
cool,  and  i  plate  exposed  on  the  roof  in  the  rack  described  above. 
Another  plate  shall  be  kept  in  a  horizontal  position  and  lightly 
sprayed  with  a  3  per  cent  salt  solution  once  every  day  for  a  period 
of  5  days.  The  fourth  plate  shall  be  placed  tmder  an  intermittent 
shower,  a  vigorous  shower  being  applied  for  approximately  3  to 

4  minutes,  then  no  water  for  about  the  same  length  of  time.  The 
shower  is  to  be  formed  by  allowing  water  to  siphon  at  intervals 
from  a  5-gallon  tank  into  a  metal  trough,  the  bottom  of  which 
has  three  or  fotu*  parallel  rows  of  small  holes  (sibout  one-sixteenth 
inch  in  diameter).  The  water  should  fall  about  2  feet  from  the 
trough  to  the  plate.  This  test  should  be  continued  for  not  less 
than  5  hours,  the  plate  being  held  in  a  position  about  60°  to  the 
vertical  immediately  under  the  falling  water.  At  the  end  of  5 
hotu^  of  this  intermittent  showering,  the  plate  shall  be  placed  in 
a  horizontal  position  and  allowed  to  remain  with  any  adhering 
water  for  at  least  24  hours.  No  rust  shall  be  in  evidence  on  any 
of  the  4  plates  after  5  days. 

When  time  permits,  the  plates  on  the  roof  should  be  exposed 
for  a  period  of  60  days,  and  at  the  end  of  this  time  there  should 
be  no  appreciable  rust  in  evidence. 

Discussion. — It  is  believed  that  any  material  which  passes 
all  the  tests  and  requirements  given  above  will  protect  bright 
exposed  metal  for  a  period  of  at  least  60  days  in  any  weather 
commonly  encoimtered  and  will  probably  continue  to  protect 
exposed  metal  for  many  months.  It  has  been  found  that  the 
compounds  which  pass  the  above  tests  are  usually  greases  of  rather 
high  melting  point  and  should  be  applied  to  metal  while  melted, 
either  by  spraying  or  by  dipping.  We  have  seen  a  few  samples 
that  are  liquid  at  ordinary  temperatures  which  fulfill  the  require- 
ments. 
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In  order  to  gain  some  insight  into  the  way  in  which  the  new 
laboratory  tests  on  slushing  oils  would  work  out  in  routine  exami- 
nation of  rust  preventives,  tests  were  made  upon  23  of  the  44 
samples  from  the  War  Department  previously  referred  to.  Those 
compounds  which  had  been  found  to  corrode  metal  in  the  original 
tests  were  not  selected.  Compoimds  which  had  been  fotmd  to 
give  a  vamish-Kke  film  were  also  left  out.  The  results  of  exposure 
of  each  one  of  these  23  compoimds  during  the  most  severe  weather 
in  Washington  (July  and  August)  was  known.  Each  of  these  23 
compounds  was  carefully  put  through  the  oven  salt-spray  rain 
test  outlined  in  the  new  proposed  specificati(ni. 

Seven  of  the  23  samples  had  been  rated  as  "complete  failure" 
in  the  60-day  exposure  test.  All  7  of  these  slushing  oils  failed 
conclusively  in  the  oven  salt-spray  rain  test.  Seven  of  the  23 
samples  had  been  rated  as  "partial  failure"  in  the  exposure  test. 
Six  of  these  samples  failed  conclusively  and  i  passed  the  oven 
salt-spray  rain  test.  Pour  of  the  23  samples  had  been  given  a 
rating  of  "  fair  "  in  the  exposure  test.  All  of  these  samples  passed 
the  oven  salt-spray  rain  test.  One  of  the  23  samples  had  been 
rated  as  '*  good  "  in  the  exposure  test  and  it  passed  the  oven  salt- 
spray  rain  test.  Fotu*  of  the  23  samples  had  been  rated  as  **  per- 
fect "  in  the  exposing  test.  Three  of  these  samples  passed  the  oven 
salt-spray  rain  test,  while  the  other  sample  showed  slight  evidence 
of  rust  on  the  edge  of  the  plate. 

From  the  above  results  it  is  seen  that  the  laboratory  tests  in 
the  new  proposed  specifications  would  exclude  13  out  of  14  sam- 
ples which  had  been  rated  as  imsatisfactory  in  the  exposing  test. 
At  the  same  time  i  sample  out  of  9  of  the  compounds  rated  as 
satisfactory  in  the  exposiu*e  test  would  be  excluded. 

The  results  obtained  above  on  the  23  samples  by  the  laboratory 
tests  in  the  new  proposed  specification  are  believed  to  average  as 
well  as  most  laboratory  tests  when  they  are  compared  with  the 
results  of  actual  service  conditions  or  conditions  similar  to  actual 
service. 

Laboratory  tests  are  almost  never  perfect,  but  it  is  believed 
that  the  tests  outlined  in  the  proposed  specification  are  as  good  as 
any  that  can  be  given  at  the  present  time.  Attention  is  called 
to  the  fact  that  even  where  it  is  possible  to  run  exposiffe  tests  ex- 
tending over  considerable  periods  of  time  and  some  brand  of 
material  is  found  to  give  good  service,  rapid  laboratory  tests  are 
still  of  great  use  in  determining  xmif ormity  of  quality  of  the  prod- 
uct.    It  has  often  been  noticed  that  different  lots  of  the  same 
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brand  of  rust  preventive  received  at  different  times  show  wide 
variation  in  rust-preventing  qualities.  A  rapid  laboratory  test 
can  be  used  to  determine  the  qtiality  and  uniformity  of  each  ship- 
ment of  slushing  oil. 

VIL  GENERAL  COMPOSITION  OF  SLUSHING  OILS 

Dtuing  this  investigation  comparatively  little  work  was  done 
upon  the  composition  of  slushing  oils.  It  was  felt  that  it  would 
be  imwise  to  attempt  in  any  specification  for  these  materials  to 
limit  the  manufacturer  in  the  raw  materials  that  he  should  use, 
because  performance  tests  were  more  important  than  composi- 
tion requirements. 

Only  a  brief  discussion  of  the  general  composition  of  commer- 
cial slushing  oils  will  be  given  here,  together  with  a  description 
of  some  experimental  batches  of  slushing  oil  prepared  during  the 
course  of  this  investigation. 

An  examination  of  Table  i,  on  page  14,  where  the  results  of 
chemical  tests  upon  44  commercial  samples  of  rust  preventive 
are  given,  will  give  considerable  insight  into  the  composition  of 
these  samples.  The  majority  of  these  materials  showed  a  low 
acid  ntunber,  together  with  a  low  ash  content.  These  compounds 
are  probably  straight  petroletun  products  of  varying  consistency 
from  thin  oils  of  low  viscosity  to  petrolatiun-like  materials  and 
thick  petroletun  residues. 

The  compoimds  which  yield  a  considerable  amount  of  ash  may 
contain  mineral  matter  as  a  filler  (for  example,  one  slushing  oil 
seemed  to  be  a  mixttu-e  of  lithopone  and  a  heavy  petroleum  resi- 
due, while  another  seemed  to  be  mainly  iron  oxide  with  a  petro- 
leum product),  or  they  may  be  petrolattun-like  compoimds  emul- 
sified with  a  little  water  soluble  chromate  solution,  supposed  to 
act  as  a  rust  inhibitor. 

The  presence  of  small  amounts  of  manganese  with  or  without 
lead  and  calcitun  would  indicate  that  some  of  the  compoimds  are 
varnishes  or  mixtures  of  a  petroleum  product  with  varnish. 

Several  of  the  materials  with  high  acid  number  were  found  to 
be  blown  vegetable  oils.  There  were  several  black  opaque  com- 
pounds, which  consisted  of  soft  asphalt  material  or  hard  asphalt 
thinned  with  some  solvent. 

Rosin  was  detected  in  several  of  the  compounds.  In  some 
cases  it  was  present  as  an  ingredient  of  varnish,  while  in  other 
cases  the  slushing  oil  seemed  to  be  a  mixture  of  a  petroleum  prod- 
uct with  rosin. 
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Among  the  44  samples  there  was  one,  Bureau  of  Standards 
laboratory  No.  55  814,  which  appeared  to  be  a  mixtiure  of  petro- 
latmn  and  rosin,  thiimed  with  some  kerosene.    This  compound 
was  given  a  rating  of  perfect  in  the  exposiure  test.     A  mixture 
based  on  the  formula  given  below  was  made  up  in  the  laboratory 
in  an  attempt  to  duplicate  the  sample  above  mentioned. 
20  g  rosin,  *'H"  grade, 
100  g  petrolatum  (U.  S.  P.)> 
10  cc  kerosene. 
The  rosin  was  melted  and  mixed  with  the  previously  heated 
petrolatum  and  the  resulting  material  thoroughly  stirred.     After 
the  mixtiure  had  partially  cooled  the  kerosene  was  added.    The 
presence  of  the  rosin  greatly  increased  the  adhesive  property  of 
the  mixtiure  over  that  of  the  original  petrolatum. 

Bright  steel  plates  were  coated  with  this  material  in  the  usual 
way  and  exposed  to  the  weather  on  September  9,  1919.  On 
May  5,  1920,  the  plates  were  brought  into  the  laboratory  and 
cleaned  oflf  by  means  of  cotton  waste  wet  with  kerosene.  The 
film  of  rust  preventive  was  readily  removed  and  the  surface  of 
the  steel  underneath  was  found  to  be  smooth  and  practically 
free  from  rust.  The  plates  were  nearly  as  bright  as  when  they 
were  coated  and  exposed  eight  months  before. 

The  results  of  the  above  exposure  test  indicate  that  a  good 
slushing  oil  can  be  made  from  ordinary  petrolatum  and  rosin. 
Where  a  rust  preventive  might  be  exposed  to  extreme  hot 
weather,  such  as  a  temperature  of  120°  F  met  with  in  the 
sun's  direct  rays,  it  was  thought  best  to  add  something  to  the 
petrolatum-rosin  mixture  to  raise  its  melting  point. 

The  U.  S.  P.  petrolatum  used  was  smeared  over  the  bulb  of  a 
thermometer  and  heated  in  an  air  bath.  At  37^  C.  a  drop  of 
grease  fell  from  the  thermometer  and  this  point  was  taken  as 
the  melting  point  of  the  material.  Mixtures  of  rosin  with  petro- 
latum showed  melting  points  little  higher  than  the  petrolatum 
alone.  For  example,  30  parts  of  rosin  and  100  parts  of  petrola- 
tum mixed  together  hot  showed  a  melting  point  of  40°  C  by  the 
above  method.  A  wax,  like  camauba,  with  a  high  melting 
point,  was  found  to  raise  the  melting  point  of  petrolatum  to  a 
much  more  pronounced  degree.  For  example,  40  parts  of  car- 
nauba  wax  and  100  parts  of  petrolatum  were  mixed  hot,  and  the 
melting  point  of  the  cold  mixture  found  to  be  79^  C.  In  a  similar 
way  40  parts  of  candelilla  wax  and  100  parts  of  petrolatum  was 
found  to  melt  at  59.6°  C. 
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Two  per  cent  of  camauba  wax  was  found  to  raise  the  melting 
point  of  petrolatum  to  52.5®  C,  15.5  degrees  higher  than  petro- 
latum alone. 

Two  formulas  for  a  slushing  grease  of  semisolid  consistency 
are  given  below: 

Formula  A. — ^3  parts  candelilla  wax,  6  parts  rosin,  grade 
"H,"  50  parts  petrolatum  (U.  S.  P.). 

Formula  B. — 2  parts  camauba  wax,  5  parts  rosin,  grade 
"H,"  50  parts  petrolatum  (U.  S.  P.). 

The  above  materials  should  be  heated  together  at  about  125®  C 
until  all  the  ingredients  are  melted  and  the  mixture  then  thor- 
oughly stirred  and  allowed  to  cool. 

Both  of  the  above  mixtures  were  foimd  to  pass  all  the  require- 
ments for  a  slushing  oil  given  in  the  proposed  specification  on 
page  18.  The  above  mixtures  were  also  applied  to  bright  steel 
plates  by  flowing  an  excess  of  the  melted  grease  over  the  surface. 
These  plates  were  exposed  to  the  weather  and  were  found  to  be 
free  from  rust  after  several  weeks'  time. 

The  mixtures  described  under  formula  A  and  formula  B  are 
not  claimed  to  be  the  best  rust  preventives  which  can  be  made 
to  fulfill  the  requirements  of  the  proposed  specification,  but  are 
cited  merely  as  examples  of  easily  made  compounds  which  were 
found  to  prevent  rust  in  a  satisfactory  manner. 

There  are  many  manufacturers  who  employ  different  raw 
materials  and  make  rust  preventives  of  equal  or  better  quality. 

Washington,  Jime  16,  1920. 
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I.  INTRODUCTION 

Crude  petroleum,  from  whatever  source,  contains  sulphur.  In 
the  early  days  of  the  industry  in  this  country,  little  or  no  atten- 
tion was  paid  to  this.  The  Pennsylvania  oils  contained  but  small 
amoimts  of  this  element,  and  the  lighter  distillates  held  lower 
percentages  of  sulphtu  than  the  crudes  from  which  they  were 
obtained.  If  this  had  not  been  so,  the  petroleum  oils  would  no 
doubt  have  come  into  popular  favor  much  more  slowly  than  they 
did.  Not  only  do  oils  which  contain  much  sulphtu  have  a  dis- 
agreeable odor,  but  the  products  of  their  combustion  are  irritating 
and  corrosive. 

When  the  Canadian  oil  fields,  and  soon  afterward  those  in 
Ohio  and  the  adjacent  States,  were  tapped,  the  removal  of  the 
comparatively  large  amoimts  of  stdphin-  they  contained  became 
at  once  a  refinery  problem  of  the  first  importance.  It  is  an 
interesting  coincidence  that  Frasch,  who  years  later  developed 
the  process  by  which  the  immense  deposits  of  sulphur  in  Lotiisiana 
and  Texas  are  worked,  devised  the  first  commercially  successful 
method  of  removing  sulphtu  from  petroleum. 

n,  OMGIN  OF  SULPHUR  IN  PETROLEUM 

Several  different  soiu'ces  of  the  sulphur  and  sulphur  compounds 
which  occur  in  petroleum  have  been  suggested.*  If  the  theory 
that  the  oil  is  derived  from  decayed  animal  remains  be  accepted, 
no  other  source  of  the  sulphtu  need  be  »ught,  because  this  ele- 
ment is  an  essential  constituent  of  all  proteids. 

It  has  been  suggested  that  gypsum  and  other  sulphates  may 
be  reduced  by  the  oil.  The  sulphides  thus  formed  could,  accord- 
ing to  the  conditions,  yield  hydrogen  sulphide  or  free  sulphtu. 
A  portion  of  the  latter  might  be  deposited  in  the  rocks.  Again, 
oil  percolating  through  these  rocks  might  take  up  sulphur  which 
was  deposited  in  earlier  ages. 

m.  FORMS  IN  WHICH  SULPHUR  OCCURS 
1.  FR£E  SULPHUR 

Free  sulphur  has  been  foimd  in  numerous  Roumanian'  oils,  as 
well  as  in  some  from  Califomia'  and  Texas.* 

^  Steuart,  J.  Soc.  Chem.  Ind..  19.  p.  989,  1900;  and  Naphta.  M.  p.  97,  zgoa;  Peckhim.  Proc.  Axner. 
PhiL  Soc.  $7,  p.  137,  Z898;  Bngler.  Portscfaritte  naturw.  Porschung.  1,  p.  •97;  Mabery.  Petroleum.  1, 
P.S16;  2.  p.  3x9;  H6fer.  Brddl  u.  t.  VtTW.»  Bd.  9,  pp.  89  and  141;  Hfifer.  SiUber.  k.  Akad.'WlM.  Wien. 
Math.-Nat.  Kl..  HI.  Abt.  x. 

Nearly  all  of  the  data  on  the  occurrence  ol  sulphur  in  petioleuxn,  at  well  at  many  literature  references, 
were  obtained  from  Bngler-HOfer.  Das  Brddl,  1.  pp.  463  to  479« 

*  Bourqoui.  Chem.  Rev.  Pett-Harz-Ind..  8.  p.  sio.  x9ox;  Kissling,  Chem.-ZtK..  S6.  p.  49a.  1909. 

*  Peckham,  Proc.  Amer.  PhiL  Soc.,  S6,  p.  xoB;  1897. 

*  Richardson  and  Wallace,  Bng.  Hin.  J.,  7t,  p.  3S»*  <9os:  uul  J.  Soc.  Chem.  Ind.,  21,  p.  js6,  i9ca;  Thide. 
Chem.-Ztc.»  M>  p.  896, 190a. 
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2.  HTDROQBN  SULPHEDB 

Hydrogen  sulphide  is  produced  by  the  decay  of  organic  matter, 
particularly  under  anaerobic  conditions,  and  it  is  a  frequent 
constituent  of  volcanic  gases  and  occurs  dissolved  in  subterranean 
waters.  It  is  not  surprising,  therefore,  that  it  is  found  in  crude 
petroleum  from  many  sources.* 

Petroleum  which  contains  free  sulphur  or  organic  sulphur 
compounds  gives  oflf  hydrogen  sulphide  when  heated,  sometimes 
even  at  moderate  temperatiu-es.  This  appears  to  be  somewhat 
at  variance  with  what  seems  to  be  a  well-established  fact  that 
the  higher-boiling  distillates  contain  a  higher  percentage  of 
combined  stilpht^  thau  the  more  volatile  ones. 

3.  ORGAinC  SULPHUR  COMPOUNDS 

It  is  very  difficult  to  separate  from  crude  petroleum  any  of  its 
constituent  hydrocarbons  in  pure  form.  Because  of  the  ease 
with  which  many  of  them  break  down  when  heated,  it  is  even 
more  difficult  to  isolate  and  identify  individual  sulphur  compoimds, 
or  even  classes  of  compoimds.  However,  members  of  more  than 
one  class  of  compounds  have  been  identified.  The  evidence  is 
not  always  as  convincing  as  one  could  wish,  for  some  of  the  com- 
poimds have  been  detected  in  distillates  or  found  in  the  residues 
from  crude  oil.  The  ease  with  which  hydrogen  sulphide  is  formed 
by  heating  the  oil  shows  that  changes  must  take  place  in  the  organic 
sulphur  compounds  to  some  extent.  No  doubt  those  who  have 
done  most  work  in  this  field  realize  most  fully  the  difficulties  and 
limitations. 

(a)  Thiophbne  and  some  of  its  homologs  apparently  occur  in 
some  crudes,  and  their  presence  in  certain  light  distillates  has 
been  proved  by  means  of  the  indophenine  reaction.* 

(6)  The  ThiophanES  are  an  interesting  class  of  compounds 
which  were  obtained  from  the  acid  tar  of  a  Canadian  petroleum.^ 
Although  little  is  known  of  their  structure,  the  empirical  formula, 
CnHjnS,  and  their  chemical  behavior  seem  to  show  that  they 
contain  a  pol5miethylene  ring.    They  react  readily  with  bromine, 

*  Vender,  Riv.  sdent.  Industr.,  fi7,  p.  14. 1895;  and  Chem.-Ztg.  Rep.,  19,  p.  6z,  1895;  Nawratil,  Dingl. 
pol.  J..  246,  p.  433,  z88a;  Bolfey,  Ibid.,  160,  p.  lu,  1863;  Mabery.  Proc.  Amer.  Acad..  81,  pp.  17  and  43, 
1894;  Richardson,  J.  Prank.  Inst.,  168,  p.  115, 1906;  Thiele,  Chem.-Zt£.,  86.  pp.  175  and  433, 1901:  Richard- 
ton  and  Wallaoe,  J.  Soc.  Chem.  Ind.,  20,  p.  690, 1901;  Kast  and  Kfinkkr.  Dmel.  pol.  J..  878,  p.  38, 1890; 
Feckham,  Proc.  Amer.  Phil.  Soc.,  86,  p.  108, 1897;  Rakusin,  Untersuchung  dcs  ErdSls,  p.  xoa. 

•  Krfimer,  Verh.  Verdns  Beidrd.  Gewerbe-Pl.,  1886,  p.  496;  Meyer  and  Nahnsen,  Ber.  d.  Chem  Ges., 
18,  p.  9X7, 1885;  Bdeleanu  and  Filiti,  Bull.  soc.  chim.,  Ser.  3, 88,  p.  384. 1900;  Charitschkaff,  J.  Russ.  Phys.- 
Chem.  Soc,  81,  p.  65s,  1889.  and  Chem.-Ztg.  Rep..  80,  p.  476, 1906;  Girard,  Petroleum,  8,  No.  3,  1906,  and 
J.  dtt  P^trole,  1006,  p.  69. 

' Mabery  and  Qnayle,  Proc.  Amer.  Acad.,  41,  p.  89, 1905;  and  Amer.  Cbem.  J.,  86.  p.  404,  X906;  Mabery, 
J.  Soc  Cbcm.  Ind.,  10.  p.  508, 1900. 
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but  are  not  tinsaturated  compounds,  because  the  amount  of 
bromine  evolved  as  hydrobromic  add  is  equal  to  that  held  in  com- 
bination. By  oxidation  with  alkaline  permanganate  solution^ 
the  thiophanes  are  converted  into  the  corresponding  sulphones, 

CnH3nS03. 

The  eight  thiophanes  isolated  ranged  in  composition  from 
CjUuS  to  CiaH,.S. 

(c)  Alkyi.  Sui^phides,  or  Thio  Ethers,  (CnH,n+i)jS,  have  been 
reported  in  certain  Ohio  crudes.  Ten  members  of  the  series, 
from  methyl  sulphide,  (CH,)3S,  to  hexyl  sulphide,  (C5Hi,),S,  were 
isolated." 

Klast  and  Lagai,*  who  may  not  have  had  the  same  crudes  as 
Mabery  and  Smith,  failed  to  find  any  compotmds  of  this  series 
in  Ohio  oils.  On  the  other  hand,  Charitschkoff  *®  detected  alkyl 
sulphides  in  naphtha  from  Grosny. 

The  alkyl  sulphides  yield  crystalline  addition  products  with 
mercuric  chloride. 

(d)  Alkyl  Hydrosulphides,  or  Mercaptans,  apparently 
occtu  in  the  distillates  from  Baku  oil." 

(e)  Carbon  Bisulphide  has  been  detected  in  petroleum  ether 
(boiling  point  50  to  80X),  but  not  in  kerosene."  Compotmds 
of  the  general  formula,  C(CnH2n+2)S,  have  been  obtained  from 
certain  Canadian  petroleums."  They  iare  apparently  alkyl  de- 
rivatives of  carbon  bisulphide. 

(/)  SuLPHONic  Acids,  RSOsH,  are  said  to  cause  the  tm-bidity 
which  is  sometimes  observed  when  distillates  are  allowed  to 
stand  for  a  long  time."  They  can  be  removed  by  vigorous  agi- 
tation with  a  solution  of  caustic  alkali. 

(g)  Alkyl  Sulphates. — Perhaps  most  of  the  compounds 
commonly  called  sulphonic  acids  are  in  reality  alkyl  sulphates, 
(CnH2n+i)2S04,  which  are  formed  when  the  oils  are  treated 
with  sulphuric  acid  diuing  refining.  The  saturated  hydrocarbons 
do  not  react  with  the  acid,  but  the  imsatiunted  ones  can  form 
these  esters  by  direct  addition.     For  instance," 

2CaH,n  +  H,S04  =  (CnH,n+,),S04. 

*  Mabery  and  Smith.  Ber.  d.  Chem.  Ges.,  S8,  p.  3303, 1889;  and  Amer.  Chan.  J.,  IS.  p.  aja,  1890. 

•  DingL  pol.  J.,  S84.  p.  69.  xSga;  2M.  p.  1x6. 1894* 

1*  J.  Rubs.  Phy8.-Chan.  Soc..  (1.  p.  655, 1899;  Chan.-Ztc.  Rep.»  21.  p.  aoj;  Chem.  CcntrbL,  1899,  II, 

p.  990. 

M  Kwjatkowsky.  in  H8£er.  Biddl  u.  s.  Venr..  ad  ed..  p.  8a. 
»  Hager.  DingL  poL  J..  18t.  p.  165: 1867. 

>*  The  reference  given  by  HSfer  could  not  be  verified,  or  the  itatement  traced  to  ita  aoofoa. 
"  Veith.  DhigL  poL  J..  277.  p.  567: 1890. 

>*  Vohl,  Dingl.  poL  J.,  816.  p.  47. 1875;  Heualer  and  Dennatedt,  Z.  angew.  Chaniu.  17,  p.  a64, 1904;  Hcuf 
kr.  Ber.  d.  Chem.  Ges..  28.  p.  498,  1895. 
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The  true  solphonic  acids,  which  have  their  sulphur  directly 
combined  with  carbon,  can  not  be  hydrolyzed  by  boiling  with 
water  or  with  dilute  acids  or  alkalies.  By  careful  fusion  with 
caustic  alkali  the  sulphonic  group  can  be  replaced  by  hydroxyl, 
as  in  one  commercial  process  for  the  manufacture  of  phenol: 

CeH^SOaH  +  KOH  «  C,H,.OH  +  KHSO,. 

The  alkyl  esters,  on  the  other  hand,  can  be  hydrolyzed  with 
comparative  ease  by  boiling  with  dilute  acids  or  alkalies: 

(CnH,n+.),SO, + H,0  -  2C.H,„^.0H  +  H^,. 

When  heated,  these  esters  break  down  and  give  sulphtu*  dioxide 
and  carbon,  among  other  products.  These  are  formed  even  at 
the  moderate  temperatures  reached  in  determining  the  Maumen£ 
number.*' 

IV.  roENTIFICATION  AND  SIGNIFICANCE  OF  SULPHUR 

COMPOUNDS 

With  the  possible  exception  of  the  "sulphonic"  acids,  there 
seems  to  be  no  attempt  made  to  determine  the  nature  and  amoimt 
of  the  sulphiu:  compounds  in  routine  laboratory  practice.  The 
difficulty,  or  even  impossibility,  rather  than  a  lack  of  interest, 
is  probably  responsible  for  this.  The  oil  chemist  must  feel  that 
not  only  the  total  amount  of  sulphur,  but  also  the  nature  of  the 
compotmds  in  which  that  element  occurs,  influence  the  behavior 
of  oils.  This  is  particularly  true  of  lubricating  oils  which  are 
subjected  to  service  conditions  favorable  to  deterioration.  Heat- 
ing in  contact  with  air  naturally  comes  first  to  mind  because  of 
the  ease  with  which  so  many  sulphtu-  compounds  are  oxidized. 

A  conclusive  decision  as  to  the  real  influence  of  sulphtu*  com- 
poimds  upon  the  behavior  of  lubricating  oils  can  be  made  only 
by  comparing  a  sulphur-free  oil  with  the  same  oil  to  which  defi- 
nite amounts  of  known  sulphur  compounds  have  been  added. 
It  does  not  appear  probable  liiat  such  tests  can  be  made  in  the 
near  future.  However,  it  might  be  desirable  to  colkct  data  on 
oils  that  have  deteriorated  badly  in  service  in  order  to  learn 
whether  they  contain  higher  percentages  of  sulphtu-  than  other 
oils  which  have  stood  up  longer  under  the  same  conditions. 

In  this  connection  it  may  be  pointed  out  that  sulphur  and 
sulphur  dioxide  cause  an  increase  in  the  amount  of  asphaltic 
matter  which  is  formed  wh^i  oils  are  heated  in  the  air." 

1*  See  footnote  15,  and  also  Waters,  B.  S.  Tech.  Papers,  No.  73.  P-  xa*  X9x6. 

V  Holde  and  Bidonann,  Mitth.  kgl.  Materialpritfungaamt,  1907,  p.  145;  and  Z.  angew.  Chem.,  SO,  pp. 
1S63  and  1923,  X907;  Waters.  B.  S.  Tech.  Papers,  No.  4.  P-  9.  Z9xx;  ^od  J.  Ind.  and  Bng.  Chcm.,  8,  p. 
8x4. 191 X ;  Soatbogmbe,  J.  Soc  Chem.  Ind..  80.  pp.  s6x-«64, 191  x. 
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Woik  done  recently  at  this  Bureau  st^ows  that  of  fotu*  oils 
which  had  **  carbonization  values,"  or  percentages  of  asphalt 
formed  by  oxidation,  of  0.02  or  less,  none  contained  more  than 
0.08  per  cent  of  sulphur.  Of  five  oils  which  had  carbonization 
values  of  0.34  or  more,  all  contained  at  least  0.29  per  cent  of 
sulphur.  Prom  these  few  figures  it  would  appear  that  no  oil^ 
which  contains  much  sulphur  will  have  a  low  carbonization  value. 

Transformer  oils  are  regarded  as  tmdesirable  if  they  contain 
more  than  a  very  small  proportion  of  sulphur,  because  this  ele- 
ment is  believed  to  attack  the  wires  and  also  to  increase  the 
tendency  to  form  sludge. 

In  specifications  for  fuel  oils  the  maximum  permissible  percent- 
age of  ^ulphtu*  is  generally  stated,  because  of  the  corrosive  effect  of 
the.  products  of  its  combustion.  This  is  even  more  important 
for  kerosene,  because  the  oxides  of  sulphur  are  irritating  and 
may  bleach  fabrics  in  the  home,  as  well  as  con^ode  metal  objects. 
The  kerosene  itself  usually  has  a  disagreeable  odor  when  it  con- 
tains more  than  a  very  low  percentage  of  sulphtu*  compoimds. 

Sometimes  the  presence  of  sulphxu-  is  desirable,  as  in  flotation 
oils  and  some  cutting  oils.  In  the  first  case  it  is  essential  that  the 
particles  of  ore  cling  to  the  oil  drops  in  order  to  become  separated 
from  the  gangue.  The  metallic  sulphides  more  easily  become 
oily  than  the  other  minerals.  This  oiling  effect  is  helped  by  the 
presence  of  sulphur,  perhaps  by  its  action  on  particles  or  surface 
films  of  oxide  which  are  thus  changed  to  sulphide. 

The  principal  reason  for  using  a  cutting  oil  is  to  lubricate  the 
chips  so  that  they  can  slide  off  the  tool  easily.  It  has  been 
claimed  that  sulphur  causes  the  oil  to  cling  better  to  the  metal  by 
forming  a  film  of  sulphide.  If  this  be  true,  the  film  is  of  extreme 
tentiity,  because  the  metal  shows  little  sign  of  tarnishing,  as  a  rule. 

V.  DETECTION  OF  SULPHUR  AND  ITS  COMPOUNDS 
1.  COPPBR  TBST 

Free  sulphur,  hydrogen  sulphide,  and  perhaps  other  sulphur 
compounds,  in  oils  can  be  detected  by  the  formation  of  a  dark 
spot  of  copper  sulphide  when  two  or  three  drops  of  the  oil  are 
left  on  the  polished  metal  for  a  sufficient  length  of  time.  The 
"copper  dish"  test  for  gasoline  is  based  upon  this  reaction.  It 
is  generally  believed  that  the  degree  of  darkening  depends  upon 
the  amount  of  sulphur  present.  This  is  not  true.  A  topped 
Mexican  crude,  which  contained  4.05  per  cent  of  sulphur,  and 
which  gave  off  streams  of  hydrogen  sulphide  when  heated  in  a 
test  tube,  did  not  perceptibly  darken  copper  in  72  hours.    Even 
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when  a  strip  of  the  metal  was  partly  immersed  in  the  oil  and 
kept  at  295  to  300^  C  for  2  hours,  the  lower  portion  was  only 
slightly  tarnished.  The  end  of  the  strip  which  was  not  under  the 
oil  was,  however,  much  blackened  and  covered  with  a  varnish-like 
coating,  which  was  probably  formed  by  partial  oxidation  of  the  oil. 

Although  the  copper  test  can  not  be  relied  upon  to  show  the 
presence  of  all  sulphur  compotmds  in  oils,  it  is  a  delicate  means 
of  detecting  free  sulphtu'  and  hydrogen  sulphide.  A  series  of 
solutions  was  made  by  dissolving  recrystallized  sulphur  in  a 
white,  medicinal  oil  which  did  not  darken  copper  and  which  was 
found  to  contain  too  little  sulphur  to  detect  by  analysis.  The 
strongest  solution  contained  o.ioo  per  cent  of  free  sulphur.  By 
suitable  dilution,  samples  containing  down  to  o.oooi  per  cent, 
or  I  :  I  000  000,  of  sulphur  were  prepared.  On  each  piece  of 
freshly  sandpapered,  washed  and  dried  piece  of  copper  was 
placed  two  or  three  drops  of  oil.  A  blank  test  was  run  to  check 
the  original  oil  as  well  as  the  air  of  the  laboratory.  With  o.io 
to  0.050  per  cent  of  sulphiu*  the  copper  was  blackened  in  a  few 
minutes,  with  0.033  to  0.017  P^  <^eiit  the  copper  was  perceptibly 
darker  in  30  minutes,  and  with  o.oi  per  cent  inside  of  an  hoiu*. 
When  left  in  contact  with  copper  for  20  hours,  oil  containing  as 
little  as  0.0002  per  cent  of  sulphur,  or  2  :  i  000  000,  caused  a 
just  perceptible  darkening  of  the  metal.  At  the  final  dilution 
no  action  could  be  detected. 

Similar  tests  were  made  with  oil  into  which  hydrogen  sulphide 

had  been  passed  for  a  few  minutes.    This  solution,  which  instantly 

darkened  copper,  contakied  0.037  per  cent  of  sulphiu*,  equivalent 

to  0.039  per  cent  of  hydrogen  sulphide.    A  portion  of  this  was 

diluted  to  100  voliunes  and  then  three  or  four  times  to  10  voltunes 

each.    The  results  of  the  tests  with  hydrogen  sulphide  are  given  in 

Table  i. 

TABLE  1.— Copper  Test  for  Hydrogen  Sulphide 


DOottai 

Snl^hor 

mllUMi 

Odor 

«,gMo» 

VohUDM 

too 

Pwetnt 
0.00097 
.000037 
.0000037 

.00000037 

3.7 
.37 
.037 
.0037 

Stnmt 

Pcdtht 

Very  faint 

None 

Slight. 

1000 

Doobtiiil. 

10000 

None. 

100000 

Do. 

It  is  evident  that  the  copper  test  is  much  less  delicate  than 
the  sense  of  smell. 
10638^—20 — 2 


Digitized  by 


Google 


lo  Technologic  Papers  of  the  Bureau  of  Standards 

2.  SODIUM  TEST 

If  the  oil  is  not  too  volatile,  but  can  be  heated  to  250  to  300^  C 
without  boiling  out  of  the  test  tube,  the  sodium  test  can  be  applied. 
A  test  tube  containing  a  few  cubic  centimeters  of  the  oil  is  clamped 
in  an  inclined  position  over  a  flame  which  is  regulated  so  that  the 
oil  is  near  its  boiling  point.  A  clean  piece  of  sodium,  2  or  3  mm 
in  diameter,  is  dropped  in  before  the  heating  begins.  After  half 
an  hour  or  longer,  the  oil  is  allowed  to  cool  and  is  then  poured  off. 
The  blackened  lump  of  soditun  is  rinsed  off  with  benzene,  and 
dissolved  in  a  few  drops  of  water  or  50  per  cent  alcohol.  To 
the  alkaline  solution  there  are  now  added  a  few  minute  particles 
of  sodium  nitroprusside.  If  any  sodium  sulphide  is  present,  the 
solution  becomes  pink  to  reddish  purple,  according  to  the  amount. 
When  only  traces  of  sulphur  are  present,  care  must  be  taken 
not  to  mask  the  reaction  by  adding  too  much  nitroprusside. 
Hydrogen  sulphide  does  not  produce  a  colored  compound,  so 
that  the  solution  must  not  be  acidified. 

Attempts  to  utilize  the  sodium  method  for  the  determination 
of  sulphur  were  unsuccessful,  because  duplicate  results  varied 
too  widely. 

VI.  DETERMINATION  OF  SULPHUR 

1.  METHODS  BMPLOTING  OXIDIZING  AGENTS. 

(a)  Carius  Method.^ — ^Although  capable  of  giving  highly 
acciu-ate  results,  few  chemists  employ  it  when  another  can  be 
used.  It  is  not  only  troublesome  and  dangerous,  but  it  has  the 
disadvantage  that  only  a  few  decigrams  of  material  can  be  used 
in  a  determination.  It  is  hardly  applicable  to  oils  low  in  sulphur. 
Even  with  oils  that  contain  high  percentages,  there  is  danger  of 
getting  low  results,  owing  to  incomplete  decomposition  of  the 
oil.  Even  when  no  more  oily  drops  are  to  be  seen,  the  oxidation 
may  not  be  complete,  as  will  be  discussed  more  fully  ftuther  on. 

In  the  discussion  of  the  Graefe  method  (see  p.  14),  some  results 
obtained  by  the  procedure  of  Carius  are  given. 

(6)  Nitric  Acid  Digestion. — ^An  obvious  simplification  of 
the  Carius  method  is  to  digest  the  oil  with  fuming  or  concentrated 
nitric  add  at  atmospheric  pressure,  in  a  Kjeldahl  flask  or  other 
suitable  apparatus.  There  is  no  danger  of  explosions,  and  when 
the  oil  is  low  in  sulphur,  a  large  enough  amount  to  )H[eld  a  con- 
venient weight  of  barium  sulphate  can  be  taken  for  analysis. 

1*  liebig's  Aim..  116.  p.  s.  s86o:  IM.  p.  1*9.  X865;  Ber.  d.  cbem.  Ges..  (,  p.  697.  X870. 
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But  the  oxidation  of  the  oil  proceeds  very  slowly,  so  that  it  may 
require  2  or  3  days  to  completely  decompose  as  many  grams. 
In  order  to  hasten  the  reaction,  potassium  chlorate  has  been 
used."  According  to  the  last  authors  cited,  the  results  on  Cali- 
fornia oils  agree  well  with  those  obtained  by  the  Carius  method. 

In  this  laboratory  the  use  of  chlorate  was  abandoned  some 
years  ago  because  it  was  found  that  permanganate  hastened  the 
oxidation  of  the  oil.  This  is  due  to  the  formation  of  manganese 
peroxide,  which  spreads  through  the  acid  and  comes  into  intimate 
contact  with  the  oil. 

The  addition  of  a  few  drops  of  bromine,  before  the  nitric  acid 
is  poured  into  the  flask,  seems  to  accelerate  the  reaction.  At 
any  rate  it  lessens  the  danger  of  losing  hydrogen  sulphide,  if 
the  oil  contains  any. 

About  a  year  ago  it  was  found  that,  although  duplicate  deter- 
minations of  the  sulphtu"  content  of  two  Mexican  oils  agreed 
closely,  when  the  nitric  add-permanganate  method  was  used, 
yet  the  results  were  far  too  low.  By  the  method  described 
farther  on,  one  of  the  oils  was  found  to  contain  1.83  per  cent  of 
sulphiu-.**  The  other,  a  topped  Tampico  crude,  contained  4.05 
per  cent.  Asisiyses  by  the  method  just  described  gave  the 
following  results  for  the  two  oils:  First  sample,  0.81,  0.80,  0.81, 
0.87,  0.81,  and  0.90  per  cent;  second  sample,  2.17,  2.27,  and  2.21 
per  cent. 

It  was  noticed  that  even  when  all  of  the  sample  appeared  to 
be  decomposed,  there  was  always  some  turbidity  and  usually 
oily  drops  separated  out  when  the  contents  of  the  flask  were 
washed  into  a  beaker.  This  was  due  to  the  formation  of  nitro- 
compounds which  were  easily  soluble  in  nitric  acid  but  much 
less  so  in  water.  Although  but  slightly  soluble  in  water,  it  was 
not  possible  to  extract  the  nitroproduct  with  any  reasonable 
amoimt  of  ether,  and  it  was  volatile  with  steam.  The  oily  product 
dissolved  in  sodium-carbonate  solution,  with  which  it  formed  a 
dark  brown  salt;  it  was  reprecipitated  by  acidifying  the  solution. 

The  nitrocompounds  contained  a  considerable  percentage  of 
sulphur.*^    Failin-e  to  decompose  the  oil  completely  dining  the 

1*  Kast  and  Lagai,  Dtngl.  pol.  J.,  S84.  p.  71,  x89a;  GilpiB  and  Sdmeeberger,  Amer.  Chan.  J.,  60.  pp. 

65-66,  X9XJ. 

**  Tills  waf  a  topped  crude  aaizediffith  mJnesal  teaL  It  was  distributed  lor  coopeiBtive  anatysiB  by 
P.  R.  Baxter,  chairman  of  the  subccnunittee  on  sulphur,  cominittce  !>-»,  American  Society  lor  Testing 
Materials.  With  his  pennission  data  taken  from  his  report  have  been  used  in  the  preparation  ol  this 
peper. 

**  According  to  Kast  and  I^agai  (see  footnote  19)  the  "resin"  formed  by  the  action  ol  nitric  add  and 
dilontc  contains  no  sulphur. 
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digestion  with  acid  and  permanganate,  together  with  its  volatility 
and  solubility,  explains  why  low  results  for  sulphur  were  obtained. 
The  close  agreement  between  the  results  actually  found  is  in 
part  accidental,  in  part  due  to  working  with  nearly  the  same* 
amounts  of  oil  and  reagents  each  time,  and  to  stopping  the  diges- 
tion as  soon  as  all  oily  drops  disappeared. 

In  one  determination  with  nitric  acid  and  permanganate,  the 
digestion  was  carried  on  in  an  all-glass  apparatus  so  constructed 
that  permanganate  could  be  added  from  time  to  time.  The 
escaping  gases  were  passed  through  a  solution  of  permanganate. 
This  soon  became  decolorized  by  the  oxides  of  nitrogen,  but  no 
sulphate  was  found  in  it.  In  this  determination  the  oil  was 
boiled  for  25  hours  with  the  acid,  and  permanganate  was  added 
from  time  to  time.  The  percentage  of  sulphur  found  in  the 
acid  was  2.21,  as  against  2.17  and  2.27  in  Kjeldahl  flasks. 

Goetzl,*'  in  a  similar  experiment  with  ftuning  nitric  acid,  passed 
the  escaping  gases  through  caustic  potash  solution  and  found  no 
sulphur. 

He  also  heated  fuel  oil  with  fuming  nitric  acid,  until  it  was 
all  oxidized,  then  evaporated  off  the  acid,  extracted  the  solid 
mass  whh  concentrated  soda  solution,  acidified,  and  filtered  off 
the  "bituminous"  matter  which  separated.  The  amotmt  of 
sulphuric  acid  found  in  the  filtrate  was  too  low,  but  he  seems 
to  have  missed  the  point  that  part  of  the  sulphur  is  held  in  the 
tiitrocompounds  of  which  the  residue  is  largely  composed.  As 
shown  above,  and  confirmed  by  GoetzVs  statement,  this  forms  a 
salt  with  soda  and  is  precipitated  by  hydrochloric  acid. 

(c)  RoTHB  Method.*' — ^The  oil  is  digested  in  a  flask  with 
fuming  nitric  acid  to  which  a  littie  magnesium  oxide  has  been 
added.  After  the  acid  has  boiled  for  a  time  it  is  evaporated  off, 
then  more  is  added  and  the  digestion  is  continued.  This  treat- 
ment is  repeated  a  few  times  and  finally  any  oil  which  remains 
is  burned  off  with  the  aid  of  the  magnesium  nitrate.  The  residue 
in  the  flask  is  taken  up  with  hydrochloric  acid  and  water,  the 
solution  is  filtered,  and  barium  sulphate  is  precipitated. 

The  method  has  not  been  tested  in  this  laboratory.  It  has 
been  used  elsewhere  for  the  analysis  of  vulcanized  rubber, 
although  it  is  stated  that  duplicate  results  on  compounds  con- 
taining about  7.5  per  cent  of  sulphtu*  may  be  expected  to  differ 
by  0.2  or  0.3  per  cent,  and  they  may  differ  by  0.5  per  cent.** 

>*Z.  angew.  Chexn..  18.  pp.  1538  to  xsjx;  1905. 

■Described  by  Holde  in  Kxatnhiatioii  ol  Hydxocaibon  Oils,  KngHsh  tnaalatkn,  pp.  4»Ht. 
**  Delft  Rubber  Inst.  Communications,  Fait  V,  p.  144;  X9X7. 
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On  the  other  hand  Holde  says  that  the  method  gave  satisfactory 
results  at  the  Materialprflf  ungsamt  with  oils  containing  no  naphtha 
or  illuminating  oil  *  None  of  these  light  fractions  had  been 
analyzed  at  the  time  he  wrote. 

(d)  EscHKA  Method. — Originally  devised  for  the  determina- 
tion of  sulphur  in  coal,^  the  method  has  been  applied  also  to 
the  analysis  of  asphalt  and  oils.  The  sample  is  mixed  with 
sodium  carbonate  and  magnesium  oxide  and  ignited  in  a  crucible. 
The  residue  is  treated  with  bromine  water  and  nitric  acid  to 
oxidize  all  sulphur  compounds  to  sulphuric  acid,  which  is  then 
precipitated  as  barium  sulphate. 

It  has  not  seemed  worth  while  to  try  the  method,  because  of 
the  certainty  of  losing  sulphur  as  hydrogen  sulphide  or  a^  volatile 
organic  compounds.  This  seems  to  be  confirmed  by  cooperative 
analyses  of  three  samples  of  oil.^  One  was  a  heavy  red  oil  known 
to  contain  sulphonic  acids,  the  second  a  topped  Mexican  crude 
mixed  with  mineral  seal,  and  the  third  a  ''300"  oil  which  had 
been  vulcanized  by  heating  with  sulphin*.  The  last  had  a  strong 
odor  of  hydrogen  sulphide. 

In  one  laboratory  where  Eschka's  method  was  used,  the  results 
for  the  Mexican  oil  were  1.33  and  1.74  per  cent.  Five  determina- 
tions at  this  Btu-eau  gave  from  1.80  to  1.85  per  cent. 

Two  laboratories  which  used  the  Eschka  procedure  for  the  red 
oil  found  from  0.28  to  0.41  per  cent.  This  Bureau  found  0.51 
to  0.59  in  8  determinations. 

The  figin-es  on  the  vulcanized  oil,  as  foimd  in  three  laboratories, 
varied  from  0.91  to  1.19  per  cent;  at  this  Bureau  from  1.24  to 
1.37  per  cent  in  8  analyses. 

The  method  used  by  the  Bureau  is  described  fmilier  on. 

(e)  Sodium  Peroxide  Method. — In  recent  years  sodium 
peroxide  has  been  used  to  a  great  extent  for  the  determination 
of  the  halogens  and  sulphiu:.  In  1895  Edinger  employed  it  for 
the  estimation  of  sulphm-  in  volatile  organic  compounds.**  The 
method  has  not  been  used  for  petroletmi  oils  in  this  laboratory. 

2.  METHODS  INVOLVING  COMBUSTION  IN  OXY6BN  OR  AIR. 

(a)  Sauer  Method.'* — ^The  sample  of  oil  is  slowly  heated  in 
a  combustion  tube  while  oxygen  and  carbon  dioxide  are  supplied 
from  opposite  ends  at  such  a  rate  that  the  oil  vapors  bum  at  a 

*The  Kxatninatkn  d  Hydrocarbon  Oils,  BnclUh  translation,  p.  40. 

**Oe8terr.  Ztschr.  Berg-  u.  Hflttenwesen.  S8,  p.  xxz;  Z.  anal.  Chem.,  18.  p.  344, 1874. 

''See footnote  ao,  and  Goetzl.  Z.  angew.  Chem..  18,  p.  1258;  1905. 

**Z.  anal.  Cbem.,  S4,  p.  363;  1895- 

*Z.  anal.  Cbem.,  IS.  pp.  33-36;  1873. 
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constriction  at  the  middle  of  the  tube.  The  oxides  of  sulphur 
are  absorbed  in  bromine  water  and  baritun  sulphate  is  finally 
precipitated.  Even  with  constant  attention  it  is  difficult  to 
keep  the  flame  where  it  should  be  and  to  prevent  explosions 
in  the  tube,  or  else  the  escape  of  unbumed  oil.  If  the  oil  is  low 
in  sulphur,  so  large  a  sample  must  be  taken  that  an  analysis 
requires  a  long  time. 

Dennstedt  Method.'® — ^The  chief  feature  of  the  Dennstedt 
procedure  for  the  combustion  of  organic  substances  is  the  use  of  a 
catalyzer  in  the  tube  ahead  of  the  boat  containing  the  sample. 
Platinized  quartz  or  a  disk  of  the  sheet  metal  is  conmionly  used. 
When  determinations  of  sulphm*  in  oils  were  first  made  at  this 
Bureau,  the  Dennstedt  method,  with  platinized  quartz,  was  used. 
Because  only  the  sulphm*  was  to  be  determined,  the  products  of 
combustion  were  passed  through  a  Meyer  bulb  tube  containing 
sodium-hypobromite  solution.  After  repeated  trials  the  method 
was  abandoned  because,  in  spite  of  constant  attention,  it  was 
almost  impossible  to  prevent  explosions  or  the  escape  of  unbtuned 
gases.  Another  reason  was  the  long  time  spent  in  making  a  com- 
bustion. About  two  working  days  was  required  to  bum  a  3  g 
sample.  This  included  the  time  necessary  to  heat  the  catalyzer 
to  redness,  to  cool  the  furnace  at  the  end  of  the  first  day,  and  for 
all  the  other  incidental  operations." 

(c)  GrAEFE  Method." — A  small  quantity  of  oil  on  absorbent 
cotton  is  burned  in  a  large  (7  1.)  bottle  of  oxygen,  in  which  is  some 
sodium-hydroxide  solution  to  absorb  the  oxides  of  sulphm*.  After 
the  combustion  the  bottle  is  rinsed  out,  the  solution  is  warmed 
with  bromine  and  acidified,  before  adding  barium  chloride.  Ow- 
ing to  the  great  heat  developed,  only  about  0.3  g  of  oil  can  be 
burned,  so  that  the  method  is  not  applicable  to  material  low  in 
sulphur. 

Two  fuel  oils  were  analyzed  by  the  Graef e  and  Carius  methods 
in  the  laboratory  of  the  Texas  Co.,  and  by  a  new  procedm-e  at 
this  Bureau.  Four  determinations  were  made  on  each  oil  by  each 
of  the  first  two  methods,  and  but  two  each  by  the  new  one. 

The  values  by  the  new  method  were  0.54  and  0.53  per  cent  for 
one  oil,  and  0.76  and  0.77  per  cent  for  the  other.  By  the  Carius 
method  the  figures  varied  from  0.62  to  0.65  and  from  0.82  to  0.88, 

**  Ber.  d.  chon.  Get..  10.  pp.  X590-1597;  xgoa. 

a  In  determminc  aitrogen  in  petroleum  by  a  combustion  method  Mabery  (J.  Amer.  Chem.  Soc..  41 , 
p.  X697;  19x9)  found  that "  x  g  of  oil  requires  two  or  three  hours  in  safe  operation." 
■  Z.  angew.  Chem.,  17.  p.  616;  1904.    See  also  Hempel.  Ibid.,  S.  p.  393;  1893. 
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respectively;  by  the  Graefe  procedure,  0.56  to  0.66  and  0.84  to 
0.89  per  cent  of  sulphur. 

In  commenting  on  these  analyses,  the  chemist  of  the  Texas  Co. 
said  that  he  regarded  the  results  of  the  three  methods  as  in  satis- 
factory agreement  for  oils  which  contained  over  0.50  per  cent  of 
sulphur. 

(d)  Lamp  Method. — ^The  sulphur  content  of  kerosene  can  be 
determined  by  burning  it  in  a  lamp  and  drawing  the  products  of 
combustion  through  suitable  absorption  apparatus  containing 
hypobromite  solution.*'  The  oil  must  bum  with  an  ample  supply 
of  air  and  without  a  smoky  flame.  The  air  must  be  free  from  sul- 
phur compounds.  In  some  unpublished  work  by  the  author  it 
was  found  that  reducing  gases  are  present  in  the  products  of 
combustion,  and  in  greater  amount  the  lower  the  flame.  The 
lamp  method  for  sulphur  requires  a  rather  low  flame  to  prevent 
excessive  heating  of  the  absorption  apparatus,  so  that  the  danger 
of  losing  organic  compounds  containing  this  element  must  be 
borne  in  mind. 

Lubricating  oils  can  be  burned  in  a  lamp  if  they  are  first  mixed 
with  light  solvents."  According  to  Conradson,  the  sulphonic 
adds  remain  behind  on  the  wick  and  can  be  determined  sepa- 
rately. In  this  connection  it  should  be  mentioned  that  Heusler 
and  Dennstedt  claim  that  the  charring  of  the  wick  is  largely  due 
to  the  presence  of  neutral  alkyl  esters  of  sulphuric  add.  When 
they  break  down  this  add  is  formed.* 

(e)  Bomb  Cau)rimeter  Method. — ^As  early  as  1899  the  bomb 
calorimeter  was  used  for  the  determination  of  sulphur  in  oils.»« 
Since  then  it  has  come  to  be  the  procedure  most  generally  em- 
ployed and  the  one  in  which  most  confidence  is  placed.  The  oil 
is  burned  in  oxygen  under  high  pressure,  in  a  bomb  calorimeter 
which  contains  a  few  cubic  centimeters  of  water  or  of  soda  solu- 
tion, or  some  sodium  peroxide. 

Even  this  apparently  ideal  procedure  has  certain  disadvantages, 
apart  from  the  cost  of  the  apparatus.  Not  much  more  than  i  g 
of  oil  can  be  burned  at  a  time  and  if  the  percentage  of  sulphur 
is  low,  very  little  barium  sulphate  will  be  obtained.  If  a  lead 
gasket  is  used,  it  will  be  appredably  attacked  by  the  oxides  of 
sulphur,  which  will  cause  low  results.     Owing  to  the  high  tem- 

*  Heusler,  Z.  angew.  Chem.,  1895.  p.  sSs;  Bngler,  Chem.-Ztg.,  SO,  p.  197*  1896. 

**  Albrecht,  Diss.  Karlsnihe,  p.  37. 1907; Conradson,  J.  Ind.  and  Eng.  Chem.,  4,  p.  84a.  Z9xs;  and  Stli.  Int. 
Cong.  AppL  Chem.,  87.  p.  19.  . 
"  Z.  anorg.  Chem.,  17,  pp.  364-5;  1904. 
M  Filhi,  Bun.  soc  chim.»  Ser.  s*  ^1*  P*  338.  X899;  and  Z.  anaL  Chem.,  S9,  p.  797, 1900. 
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perature  of  the  combustion,  some  of  the  stdphur  is  bmned  only 
to  the  dioxide.  If  the  bomb  is  opened  too  soon  this  can  be  tasted 
in  the  escaping  gases.  Under  some  conditions  sulphur  trioxide 
is  absorbed  slowly  by  water.  A  current  of  air  carrying  it  can  be 
bubbled  through  water  without  losing  all  of  its  cloudiness. 

In  the  cooperative  work  referred  to  above  (see  p.  13)  the 
three  oils  were  analyzed  by  the  bomb  method  in  several  labora- 
tories.   The  extreme  percentages  of  sulphur  were: 

Percent. 

Mexican  oil x.  53  to  x.  90 

Red  oil 39  to    .53 

Vulcanized  oil 89  to  x.  22 

One  laboratory  alone  reported  five  determinations  on  the  red 
oil  which  ranged  from  0.42  to  0.53  per  cent,  while  eight  results  for 
the  vulcanized  oil  varied  from  0.89  to  1.19  per  cent. 

The  results  obtained  at  this  Bureau  are  given  in  the  discussion 
of  the  Eschka  method  (see  p.  13). 

3.  MISCELLANEOUS  METHODS 

In  this  section  are  described  some  attempts  to  find  methods  for 
total  sulphur  or  for  the  differentiation  of  the  sulphur  compotmds. 

(a)  Heating  with  Sodium. — ^Although  heating  with  sodium  to 
a  comparatively  high  temperatiu^  seems  to  be  a  reliable  way  to 
test  for  the  presence  of  sulphur,  it  could  not  be  depended  upon  for 
quantitative  data.  The  sodium  was  treated  with  water  after  the 
oil  was  removed  with  benzene,  then  bromine  water  and  hydror 
chloric  add  were  added,  the  solution  was  filtered  and  finally 
barium  sulphate  was  precipitated.    The  results  varied  greatly. 

Metallic  calcium  imder  the  same  conditions  appeared  to  remove 
no  sulphur. 

(6)  Heating  with  Copper  and  Copper  Oxide. — Many  experi- 
ments were  made  in  which  the  oil  was  heated  with  copper  powder 
or  with  the  partially  oxidized  metal.  The  powder  was  prepared 
by  sifting  zinc  dust  into  a  solution  of  copper  nitrate.  The  copper 
was  thoroughly  washed,  finally  with  alcohol,  and  dried  at  a 
moderate  temperature.  For  some  of  the  tests  this  powder  was 
heated  imtil  it  became  covered  with  oxide.  The  procediu-e  was 
the  same  as  for  sodium,  except  that  the  residue,  after  washing  with 
benzene,  was  dissolved  in  dilute  hydrochloric  add  containing 
bromine.  Considerable  sulphur  was  removed  from  the  oil  by  this 
treatment,  but  the  results  rardy  checked  one  another. 

(c)  Lead  Peroxide. — ^This  reagent  was  fotmd  to  remove  very 
little  sulphur  when  heated  with  oils.     In  this  case  the  residue  was 
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extracted  with  sodium-carbonate  solution,  as  recommended  by 
Dennstedt,  or  with  sodium  hypobromite. 

(cO  Sodium  Hypobromite  and  Hydroxide. — ^These  reagents 
were  used  in  attempts  to  remove  at  least  a  definite  part  of  the 
sulphur  from  the  Mexican  oil  which  contained  1.83  per  cent  of 
sulphur.  A  solution  of  hypobromite,  made  by  adding  1.5  cc  of 
bromine  to  50  cc  of  a  cold,  5  per  cent  caustic  soda  solution,  was 
shaken  with  2.2  to  2.3  g  of  oil  at  frequent  intervals  for  three  and 
one-half  hours.  The  mixture  was  then  warmed  on  the  steam 
bath  for  one  and  one-half  hours  and  allowed  to  stand  over  night. 
The  aqueous  layer  was  separated  and  acidified.  The  addition  of 
barium  chloride  produced  merely  traces  of  precipitate,  although 
the  smallest  sample  taken  contained  enough  sulphur  to  yidd 
over  290  mg  of  barium  sulphate. 

A  5  per  cent  solution  of  caustic  soda,  when  heated  on  the  steam 
bath  with  the  oil  and  frequently  shaken  for  several  hours,  ex- 
tracted only  insignificant  amounts  of  sulphur.  In  this  case  bro- 
mine was  added  before  the  hydrochloric  acid  and  barium  chloride. 

(e)  Digestion  with  Permanganate. — ^When  0.5  g  samples  of 
the  Mexican  oil  which  contained  4.05  per  cent  of  sulphur  were 
digested  on  the  steam  bath  with  a  strong  solution  of  potassium 
permanganate  for  several  hours  some  sulphur  was  oxidized.  In 
two  determinations  the  amotmts  of  barium  sulphate  were  equiva- 
lent to  0.30  and  0.37  per  cent,  respectively,  of  sulphur.  There  is 
no  way,  at  present,  of  deciding  whether  this  represented  a  general 
attack  upon  all  of  the  sulphiu:  compoimds  in  the  oil,  or  whether 
only  a  particular  group  of  such  derivatives  was  oxidized. 

(/)  Digestion  with  Hydrochu)ric  Acid. — ^This  work  was  done 
chiefly  in  order  to  detect  esters  of  sulphuric  acid — the  '*sulphonic 
acids,"  as  they  are  often  called.  Ten-gram  samples  of  the  heavy 
red  oil  (see  p.  13),  which  contained  about  0.55  per  cent  of  sul- 
phiu:, were  digested  on  the  steam  bath  with  hydrochloric  acid  of 
three  dilutions,  from  i :  2  to  2 :  i .  Other  portions  were  boiled  with 
1:5  acid  and  still  others  heated  with  1:4  acid  in  sealed  tubes. 
These  were  hung  inside  of  a  steam  bath  for  several  hours.  Jn 
nine  determinations  the  amounts  of  sulphtuic  acid  fotmd  varied 
from  0.063  to  0.105  P^  c€^ti  which  corresponds  to  0.020  to  0.034 
per  cent  of  sulphtir. 

In  the  analysis  of  turkey  red  oil  and  other  **sulphonated"  oils, 
the  usual  procedure  is  to  boil  with  hydrochloric  acid.  In  our 
tests  digestion  on  the  steam  bath  gave  results  a  few  thousandths 
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of  a  per  cent  higher  than  those  obtained  by  boiling  or  by  heating 
in  sealed  tubes.  It  is  not  necessary  to  boil  if  the  flasks  are  fre- 
quently shaken. 

Besides  the  red  oil,  the  two  Mexican  oils  were  also  tested.  The 
negligible  amotmts  of  sulphuric  acid  obtained  from  lo  g  samples 
were  equivalent  to  only  o.ooi  and  0.004  P^  cent  of  sulphur, 
respectively. 

(g)  Hydrogenation. — ^An  attempt  was  made  to  remove  sul- 
phur by  heating  oil  with  hydrogen  in  the  presence  of  a  catalyzer. 
In  the  first  test  an  engine  oil  which  contained  0.85  per  cent  of  sul- 
phur was  used.  The  apparatus  was  so  arranged  that  a  bulb  hold- 
ing the  oil  and  the  catalyzer  was  heated  in  an  air  bath  made  of  an 
iron  crucible  with  a  perforated  cover  of  asbestos  board.  A  slow 
current  of  hydrogen  bubbled  through  the  oil,  passed  through  a 
glass  tube  which  was  long  enough  to  cool  it,  and  escaped  through 
a  Volhard  flask  containing  sodium-h)rpobromite  solution. 

The  first  catalyzer  used  was  made  by  igniting  nickel  oxide  in 
hydrogen.  The  reduced  metal  was  pyrophoric,  so  that  it  changed 
back  to  oxide  before  it  was  mixed  with  the  oil. 

At  first  3.225  g  of  oil,  with  o.oi  g  of  catalyzer,  was  heated  for 
two  and  one-half  hours  at  320  to  330°  C.  The  h3rpobromite  solu- 
tion yielded  only  0.0023  g  of  barium  sulphate  out  of  a  possible 
0.1996  g.  The  same  lot  of  oil  was  then  heated  to  a  much  higher 
temperature,  with  the  thermometer  removed,  for  three  hoiu^, 
after  which  0.0043  S  niore  sulphate  was  obtained.  The  total  of 
0.0066  g  corresponded  to  3.3  per  cent  of  the  sulphur  in  the  oil. 

Because  the  topped  Mexican  crude  which  contained  1.83  per 
cent  of  sulphiu*  gave  off  streams  of  hydrogen  sulphide  when  heat- 
ed, it  was  tested  in  the  way  just  described.  In  five  hours*  heat- 
ing, 1.9908  g  yielded  only  0.0017  instead  of  a  possible  0.2653  g  of 
barium  sulphate.  When  a  7  mm  circular  disk  of  platinum  foil 
was  used  as  a  catalyzer,  1.7984  g  of  oil  gave  0.0046  g  of  sulphate. 

In  the  experiments  at  the  higher  temperatures  the  thermometer 

was  removed  from  the  bath  when  360°  was  approached  and  the 

flame  was  increased  imtil  the  oil  vapors  condensed  5  or  6  cm  above 

the  cover.     Only  traces  of  oily  distillate  were  carried  over  into  the 

hypobromite.'^  

4.  NEW  METHOD  FOR  SULPHUR 

(a)  Preliminary  Work. — In  a  sense  all  of  the  methods  tested 
intermittently  as  opporttmity  offered  since  1908,  may  be  looked 

I' After  this  work  was  finished  it  was  learned  that  Goetzl  (Z.  angew.  Chem.»  18,  p.  1529;  1905)  attempted 
to  determine  the  sulphur  content  of  fuel  cil  by  distilling  o£F  hydrogen  sulphide.  The  amount  of  this  gas 
which  was  set  free  was  not  proportional  to  the  quantity  of  oil  distilled  off. 
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upon  as  leading  up  to  the  one  finally  hit  upon.  Early  in  1910 
a  series  of  comparative  tests  was  made  of  variations  of  the  Hen- 
riques  method  for  the  determination  of  total  sulphur  in  rubber. 
According  to  the  original  procedure  the  rubber  is  digested  with 
nitric  acid,  the  excess  of  which  is  evaporated  off.  The  residue  is 
then  oxidized  by  heating  with  a  mixture  of  soda  and  saltpeter. 
The  melt  is  dissolved  in  hot  water,  the  solution  filtered,  acidified 
and  treats  with  barium  chloride.  It  was  found  that  under  cer- 
tain conditions  some  sulphur,  apparently  that  in  the  free  state, 
escaped  oxidation  by  the  nitric  acid  and  was  lost  when  the  latter 
was  evaporated  off.  There  was  no  such  loss  of  sulphur  when  the 
rubber  was  treated  at  the  start  with  nitric  acid  saturated  with 
bromine." 

This  success  in  retaining  all  of  the  sulphur  in  rubber  goods  led 
to  the  use  of  bromine  for  the  preliminary  attack  of  oils  by  the 
nitric  acid-permanganate  method.  At  that  time,  and  indeed  up 
to  1919,  it  was  not  thought  worth  while  to  try  the  procedure  of 
Henriques  for  oils,  because  of  the  belief  that  much  of  the  sulphtir 
would  be  lost  by  volatilization  in  organic  compounds.  This  is 
true  if  the  oil  is  not  first  attacked  by  nitric  acid,  but  it  is  now 
known  that  the'nitrocompotmds  which  are  formed  yield  salts 
when  treated  with  sodium  carbonate,  and  the  sulphur  is  retained. 

An  oil  which  six  determinations  by  the  nitric  acid-permanga- 
nate method  showed  to  contain  from  0.80  to  0.90  per  cent  of  sul- 
phur, was  incorporated  with  a  mixture  of  soda  and  saltpeter  and 
carefully  ignited.  The  result  was  1.37  per  cent.  When  fused  in 
the  same  way  after  treatment  with  nitric  add  and  bromine,  five 
determinations  gave  values  from  1.80  to  1.85  per  cent.  These 
were  the  first  obtained  by  the  method  to  be  described.  A  pro- 
portionately close  agreement  is  what  has  come  to  be  expected  of 
b^^inners  in  rubber  analysis,  because  there  are  no  complications 
in  the  technic. 

(6)  Description  oi^  New  Method. — ^A  preliminary  paper  de- 
scribing the  method  has  already  been  published."  The  directions 
here  given  have  been  changed  but  little. 

Weigh  from  0.5  to  2.0  g  of  oil  in  a  100  cc  porcelain  crucible,  add 
5  cc  of  concentrated  nitric  add  which  has  been  saturated  with 
bromine,  and  at  once  cbver  with  a  watch  glass.  When  rather 
volatile  oils,  or  those  which  smell  of  hydrogen  sulphide  are  ana- 

*  WKten  and  Tuttle,  B.  S.  BuUedn,  8.  pp.  445-455*  i9>x;  B.  8.  SrimtWr  Tmpen  No.  174;  J-  Ind.  uad 
Soff.  Chcm..  8,  Oct..  191 1.    See  also  TntUe  and  Isaacs.  B.  S.  Tedi.  Papcra.  No.  45*  X9xs- 

*  Waters,  J.  Ind.  and  Bnff.  Chcai..  It,  pp.  48«-48s  *»!  6>*t  t9>o. 
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lyzed,  the  crucible  should  be  covered  during  the  weighing,  and  each 
sample  should  be  treated  with  the  add  at  once,  and  not  be  left 
until  the  series  of  weighings  is  finished.  Place  on  the  steam 
bath,  but  not  in  direct  contact  with  the  steam,  and  digest  for  30 
minutes  or  more,  with  an  occasional  gentle  swirling  of  the  contents 
of  the  crucible.  Unless  the  mixtiu-e  threatens  to  foam  up  to  the 
cover,  the  crucible  may  now  be  heated  by  the  direct  steam  for 
two  or  three  hours.  If  there  is  much  foaming,  which  happens  but 
seldom,  the  digestion  at  moderate  heat  must  be  continued  longer. 

Remove  the  crucible  from  the  bath,  and  when  its  contents 
have  cooled  somewhat,  add  cautiously,  in  small  portions,  10  or 
12  g  of  anhydrous  sodiiun  carbonate.  This  is  conveniently 
measured  in  a  15  cc  crucible,  rather  than  weighed.  The  first 
portions  of  soda  often  remain  on  top  of  the  oily  layer,  so  that  the 
crucible  must  be  tilted  or  swirled  slightly  to  start  the  reaction. 
When  about  half  of  the  soda  has  been  added,  rinse  the  watch 
glass  with  I  or  2  cc  of  .warm  water  and  leave  it  off.  Pour  in  the 
rest  of  the  soda.  With  a  glass  rod,  about  3  mm  thick  and  12  cm 
long,  thoroughly  mix  the  contents  of  the  crucible  and  spread  the 
pasty  mass  aroimd  on  the  sides  and  half  to  two-thirds  of  the  way 
to  the  top.  The  rod  is  left  in  the  crucible,  which  is  then  placed 
on  the  steam  bath,  or  in  an  air  bath  at  100®  C. 

When  its  contents  are  dry  enough,  the  crucible  is  placed  in  an 
inclined  position  on  a  wire  triangle  and  the  ignition  is  started  over 
a  low  flame.  When  more  than  i  g  of  oil  has  been  taken,  there  is  a 
tendency  for  it  to  btun  too  briskly,  but  this  is  easily  controlled  by 
judicious  use  of  the  stirring  rod  which  scrapes  the  burning  portion 
away  from  the  rest.  When  part  of  the  mass  has  burned  white, 
more  is  worked  into  it,  and  so  on  imtil  all  of  the  organic  matter  is 
destroyed.  It  is  necessary  to  hold  the  crucible  with  tongs  during 
this  operation.  Toward  the  end  of  the  ignition  the  flame  may  be 
increased  somewhat,  but  it  is  rarely  necessary  to  heat  the  crucible 
to  redness.  With  care  a  good  crucible  should  last  for  many  deter- 
minations. Of  two  which  were  used  for  1 7  determinations  each, 
and  were  still  in  almost  perfect  condition,  one  crucible  lost  just 
100  mg,  and  the  other  i.i  mg  less. 

If  a  suitable  muffle  is  available,  the  ignitions  can  be  made  at  a 
temperature  not  above  550*^.  The  glass  rod  should  be  removed 
and  the  crucible  covered  with  a  watch  glass.  The  principal 
difficulty  is  that  the  oil  may  start  to  bum  at  some  point  and  the 
whole  mass  begin  to  glow  in  a  few  seconds.     In  this  case  the  cover 
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may  be  blown  aside  and  loss  by  spattering  occur.     Under  proper 
conditions,  several  ignitions  can  be  made  at  one  time. 

According  to  the  amomit  of  oil  taken,  the  mixtm'e  of  soditmi 
salts  resulting  from  the  combustion  varies  from  granular  to  pasty 
when  hot.  After  cooling,  place  the  crucible  upright  in  a  400  cc 
beaker  and  fill  it  with  distilled  water.  After  a  short  time  lay  it 
on  its  side,  cover  the  beaker  and  digest  on  the  steam  bath.  When 
the  salts  have  dissolved,  remove  and  rinse  the  crucible.  Filter 
the  solution  to  remove  specks  of  carbon,  bits  of  the  glass  rod,  etc. 
Acidify  with  concentrated  hydrochloric  add,  using  Congo  red 
paper  as  indicator,  and  add  2  cc  of  add  in  excess.  The  neutral- 
ization proceeds  more  safdy  if  nearly  the  required  amount  of 
add  is  put  in  the  covered  beaker  into  which  the  solution  is  filtered. 
It  is  safe  to  use  10  cc  of  add  for  this,  but  the  exact  amount  can 
not  be  stated,  because  the  total  amotmt  of  carbonate  and  nitrite 
to  be  neutralized  depends  on  how  much  oil  was  taken.  The 
addified  filtrate  and  wash  water  should  have  a  voltune  of  about 
175  cc.  Heat  on  the  steam  bath,  add  10  cc  of  barium-chloride 
solution  (containing  100  g  of  crjrstallized  salt  in  i  1),  and  digest  on 
the  bath  until  the  supernatant  liquid  is  dear.  If  possible  dday 
the  filtration  until  the  next  day. 

A  blank  should  be  nm  with  every  new  lot  of  reagents.  An 
ignition  is  made  just  as  if  oil  were  present,  because  the  flame  may 
contain  enough  sulphur  to  be  corrected  for.  Even  when  the 
correction  amounts  to  several  milligrams  almost  no  predpitate 
may  be  seen  before  the  solution  has  stood  for  several  hours.^ 
.  It  is  needless  to  describe  how  the  barium  sulphate  is  filtered  off, 
washed,  and  ignited. 

(c)  Crtticism  oif  New  Method. — It  is  an  advantage  that  sev- 
eral determinations  can  be  started  at  one  time.  The  digestions 
and  filtrations  for  these  can  be  carried  on  simultaneously.  An 
ignition  requires  15  to  25  minutes.  (Rubber  is  so  completely 
broken  down  that  less  time  is  spent  in  this  part  of  the  procedure.) 
Oil  is  but  slightly  decomposed  by  the  treatment  with  add,  and 
most  of  it  is  driven  oflF  in  clouds  of  vapor  dtuing  the  first  part  of 
the  ignition,  and  it  appears  as  if  much  of  the  sulphur  were  escap- 
ing also.  The  concordance  of  duplicate  results  and  their  sub- 
mit is  not  necessary  to  have  the  sohxtioa  boiUng  when  the  borhim  chloride  is  added,  or  to  digest  the  i>re' 
cipitate  with  the  boiling  sohitioo.  HiDebrand  (Analysis  of  Silicate  and  Carbonate  Rocks,  Bull.  700.  U.  S. 
GeoL  Sunr..  p.  aja)  says  "at  boiling  heat  or  on  the  steam  bath.  *'  It  is  much  more  convenient  to  use  the 
•team  bath,  and  there  is  no  danger  of  loss  by  bumping;  also,  as  pointed  out  by  Hillebrand.  there  can  be  no 
opntamination  by  fnipimr  from  the  flame. 
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stantial  agreement  with  analyses  by  the  bomb  method  are  evidence 
that  there  can  be  little  or  no  loss. 

In  discussing  the  bomb  method  a  few  comparative  figm-es  were 
given.  The  following  were  obtained  in  the  analysis  of  five  fuel  oils 
in  which  the  sulphur  had  been  determined  by  the  Bureau  of 
Mines  laboratory  at  Kttsbiu-gh.**  Each  oil  was  analyzed  twice 
by  the  new  method.  The  figinres  in  parentheses  are  the  values 
obtained  by  the  bomb  method  at  the  Bureau  of  Mines.  The 
percentages  of  sulphur  were:  3.67,  3.70  (3.17);  401,  4.03  (398); 
1. 13,  1. 12  (i.oi);  0.36,0.36  (0.29);  0.18, 0.17  (0.13). 

Whatever  the  faults  of  the  new  method,  it  gives  results  at  least 
as  high  as  those  by  the  bomb.  It  has  been  criticized  as  too 
bothersome,  yet  it  does  not  require  the  same  meticulous  attention 
to  details  as  when  the  bomb  is  used.  For  10  years  it  has  been 
used  at  this  Bureau  for  the  analysis  of  rubber,  and  even  in  the 
hands  of  beginners  has  given  good  results.  For  oils  it  may  well 
be  employed  in  laboratories  which  do  not  have  sufficient  work  of 
this  kind  to  justify  the  expense  of  a  bomb  calorimeter. 

(d)  Sources  of  Error. — ^The  most  obvious  way  in  which  incor- 
rect results  can  be  obtained — ^failure  to  convert  all  of  the  sulphur 
into  sodium  sulphate — appears  not  to  be  a  fault  of  this  me^od. 
It  has,  however,  one  serious  fault  in  common  with  all  of  the  other 
procedures  in  which  salts  or  oxides  of  metals  are  used  to  effect  or 
faciUtate  the  oxidation  of  the  sulphur  compoimds  in  the  oil. 
This  is  the  occlusion  of  the  salts  of  these  metals  by  the  barium- 
sulphate  precipitate.  Even  when  barium  chloride  is  added  to 
water  which  contains  only  sulphuric  acid,  the  precipitate  is  not 
pure,  but  is  contaminated  by  more  or  less  chloride,  and  the  re- 
sults are  too  high.  If  soluble  sulphates,  particularly  those  of 
sodium,  potassium,  or  ammonium,  are  present,  there  is  a  consid- 
erable amount  of  occlusion  and  during  the  ignition  of  the  pre- 
cipitate a  complication  of  reactions,  with  the  net  result  that  the 
values  found  are  too  low.  On  the  other  hand,  the  presence  of 
nitrates  causes  errors  in  the  opposite  direction.  Finally,  the 
amoimt  of  dissolved  barium  sulphate  which  is  lost  in  the  filtrate 
and  washings  depends  on  their  volume  and  on  the  quantity  of 
free  acid,  other  than  sulphuric.*^ 

**  They  w«re  obtained  throusfa  the  interested  cooperation  of  B.  W.  Dean  and  N.  A.  C.  Smith,  the  latter  In 
the  Washincton  laboratory  of  that  Bureau. 

**  For  an  interesting  discussion  of  the  determination  of  suli^ur  as  baritun  sulphate,  see  the  following 
papers;  Allen  and  Johnston.  J.  Am.  Chem.  Soc.,  82,  pp.  588-61  ?>  1910;  Johnston  and  Adams,  Ibid.,  t8» 
pp.  829-845.  X9XX. 
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{e)  Correction  for  Occlusion, — By  adapting  to  the  present 
purposes  a  suggestion  made  by  Johnston  and  Adams  in  the  paper 
just  cited,  data  were  obtained  which  show  the  necessary  cor- 
rections of  weights  of  barium  sulphate  up  to  0.200  g.  In  order 
to  have  definite  amounts  of  sulphur,  a  sohition  of  pure  sodium 
sulphate  which  was  dried  at  200^  C  before  weighing  out,  was 
prepared.  By  taking  various  aliquot  portions  of  this  solution, 
weights  of  barium  sulphate  from  3  to  200  mg  were  obtained. 
Without  going  into  all  the  details,  the  procedure  was  as  follows: 
To  check  the  ptuity  of  the  sodium  salt  an  aliquot  portion  was 
diluted  to  175  cc,  acidified  with  2  cc  of  concentrated  hydrochloric 
add,  heated  on  the  steam  bath  and  precipitated  with  10  cc  of  the 
usual  barium-chloride  sulution.  The  results  were  in  satisfactory 
agreement  with  those  calculated. 

In  an  actual  determination  of  the  sulphur  in  oil,  the  aqueous 
solution  of  the  melt  contains  sodium  carbonate,  nitrate,  nitrite, 
and  sulphate.  When  this  is  acidified,  the  carbonate  and  nitrite 
are  decomposed,  so  that  finally  only  chloride,  nitrate,  and  sul- 
phate are  present.  The  amount  of  chloride  depends  indirectly 
upon  the  weight  of  oil  taken.  This  is  true  also  of  the  residual 
nitrate.  In  order  to  have  approximately  the  same  conditions  as 
when  amoimts  of  oil  varying  from  0.5  to  2.0  g  were  burned, 
portions  of  sodium  carbonate  equal  to  those  used  in  an  analysis 
were  dissolved  and  treated  with  2,  3,  or  4  cc  of  concentrated  nitric 
add*  Then  to  the  solution  was  added  hydrochloric  acid  until 
there  was  2  cc  in  excess  beyond  the  neutral  point.  The  desired 
aliquot  portion  of  sulphate  solution  was  added,  the  volume  made 
up  to  175  cc,  and  barium  sulphate  predpitated  as  usual.  Next 
day  the  precipitates  were  filtered  off  and  finally  weighed.  Blanks 
were  run  under  the  same  conditions,  only  with  the  sodium  sul- 
phate left  out.  The  small  amounts  fotmd  in  the  blanks  were  used 
as  corrections  for  the  larger  wdghts  of  barium  sulphate. 

No  matter  how  much  sodium  sulphate  was  taken,  the  weights 
ai  barium  sulphate  fotmd,  after  bdng  corrected  for  the  imptuities 
in  the  reagents,  were  greater  than  those  calculated  from  the  wdghts 
of  sodimn  sulphate.  The  differences  between  the  wdghts  found 
and  those  calculated  were  the  corresponding  corrections  for 
ocdu^on  and  solubility.  On  plotting  these  corrections  against 
the  wdghts  of  baritun  sulphate  found,  it  was  seen  that  a  straight 
line  nmning  from  the  origin  to  a  p<^t  with  the  coordinates  10 
and  200  mg  represented  the  facts  with  sufiident  accuracy.    In 
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Other  words,  the  net  error  amounted  to  5  per  cent  of  the  weight 
of  the  precipitate.  The  variations  from  this  straight  line  were  so 
slight  as  to  be  of  no  significance  in  the  analysis  of  oils.  The  most 
surprising  fact  was  that  changing  the  volume  of  nitric  acid  caused 
so  little  diflFerence  in  the  amount  of  occlusion. 

With  a  I  g  sample,  200  mg  is  equivalent  to  2.75  per  cent  of 
sulphur  and  the  corrected  weight,  190  mg,  to  2.61  per  cent. 
Under  other  conditions  of  volume,  acidity,  etc.,  the  corrections, 
and  the  errors  if  these  are  neglected,  might  be  very  diflFerent. 

An  easy  way  to  find  the  weights  of  sulphur  corresponding  to 
the  amotmts  of  barium  sulphate  found  is  by  means  of  a  graph. 
Figure  i  is  such  a  graph  drawn  from  the  data  obtained  in  the  de- 
terminations of  the  occluded  salts.  Each  centimeter  on  the 
axis  of  abscissas  represents  10  mg  of  barium  sulphate.  On  the 
axis  of  ordinates  each  centimeter  represents  i  mg  of  sulphur. 
After  correction,  200  mg  of  barium  sulphate  becomes  190  mg, 
which  corresponds  to  26.1  mg  of  sulphur.  From  the  point  repre- 
sented by  the  coordinates  200  and  26.1  draw  a  straight  line  to  the 
origin.  For  any  weight  of  sulphate  up  to  200  mg  the  weight  of 
sulphur  can  be  read  off  directly,  and  its  percentage  calculated. 
If  the  same  weight  of  oil,  say  i  g,  is  taken  for  analysis  each  time, 
the  perceutages,  instead  of  the  weights  of  sulphtu*  can  be  laid  off 
on  the  axis  of  ordinates;  thus  instead  of  26.1  mg  there  would  be 
2.61  per  cent.  It  is  not  always  desirable  to  use  so  little  or  so 
much  as  I  g  of  oil,  and  it  may  be  advisable  to  make  one  calculation 
rather  than  to  delay  long  enough  to  make  an  exact  weighing  if 
the  oil  is  losing  hydrogen  sulphide.  For  these  reasons  it  seems 
preferable  to  lay  off  the  ordinates  as  first  stated. 

An  example  from  an  actual  analysis  is  given:  0.5053  g  of  oil 
yielded  0.0722  g  of  barium  sulphate.  The  sodium  carbonate 
was  so  poor  that  the  correction  for  it  was  0.0085  g.  This  sub- 
tracted from  the  first  weight  gave  0.0637  g.  On  the  graph  63.7 
mg  of  bariiun  sulphate  is  seen  to  be  equivalent  to  8.3  mg  of  sul- 
phiu-.  This  divided  by  0.5053  gives  i  .64  per  cent.  The  percentage 
calculated  without  the  graph  is  1.66,  an  amply  satisfactory 
agreement. 

After  the  manuscript  of  the  present  paper  was  completed,  and 
a  few  days  before  a  preliminary  paper  was  published  in  the 
Journal  of  Industrial  and  Engineering  Chemistry  (May,  1920, 
pp.  482  to  485),  it  was  learned  that  an  almost  identical  method 
was  published  15  j^ears  ago.  This  earlier  paper  seems  to  have 
been  entirely  overlooked  or  ignored  by  oil  chemists.    Goetzl 
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(2.  angew.  Chem.,  18,  pp.  1528  to  1531;  1905)  used  the  following 
procedure  for  the  determination  of  sulphur  in  "liquid  fuel":  In 
a  roomy  platinum  crucible  treat  2  or  3  g  of  oil  with  4  cc  of  fuming 
nitric  add.    The  crucible,  covered  with  a  watch  glass,  is  allowed 
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to  stand  over  night  and  then  warmed  gently  on  a  water  bath. 
The  acid  is  evaporated  off  and  the  oily  nitrated  mass  is  mixed 
with  sodium  carbonate  and  potassium  nitrate.  More  of  the 
fusion  mixture  is  spread  over  the  top  and  the  whole  is  ignited. 
The  subsequent  operations  need  not  be  described. 
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Kerosene  and  naphtha  contain  so  little  sulphur  that  lo  g  sam- 
ples were  taken  for  analysis.  The  method  was  used  for  coal, 
lignite,  peat,  organic  substances,  etc. 

As  in  the  majority  of  papers  on  the  determination  of  sulphur, 
no  mention  of  errors  due  to  occlusion  is  made  by  Goetzl.  He 
also  does  not  say  whether  or  not  the  ignition  is  to  be  made  over  a 
full  flame,  although  he  does  advise  the  use  of  a  mushroom-top 
burner.  Heating  to  redness  would  rapidly  destroy  a  porcelain 
crucible,  and  fortunately  such  a  high  temperature  in  not  necessary. 

Vn.  SUMMARY 

Short  accounts  are  given  of  theories  concerning  the  origin  of  the 
sulphur  and  sulphtir  compounds  which  are  found  in  crude  petro- 
letun.  The  forms  of  combination  in  which  the  element  occurs, 
their  identification  and  significance  are  briefly  discussed. 

Tests  for  the  detection  of  sulphtir  are  described,  and  the  copper 
test  is  shown  to  be  one  of  great  delicacy.  Although  it  will  show 
the  presence  of  very  minute  amotmts  of  free  sulphur  or  of  hydrogen 
sulphide,  it  may  be  of  no  value  when  all  the  sulphiu:  is  in  stable 
organic  compounds. 

Various  methods  that  have  been  used  for  the  determination 
of  sulphur  in  oils,  and  finally  a  new  procedure,  are  described. 
The  new  method  is  based  on  the  preliminary  treatment  of  the 
oil  with  nitric  acid  saturated  with  bromine,  followed  by  fusion 
with  a  mixture  of  sodium  nitrate  tod  carbonate.  Certain  sources 
of  error  which  are  inherent  in  the  method  and  the  way  in  which 
they  can  be  corrected  for,  are  taken  up. 

Data  obtained  by  the  analysis  of  certain  oils  by  this  and  other 
methods  are  given.  From  these  it  appears  that  there  is  no  loss 
of  sulphur  when  oil  is  treated  with  nitric  acid  and  bromine,  and 
then  ignited  with  sodium  nitrate  and  carbonate.  The  method 
is  recommended  for  laboratories  which  do  not  have  a  bomb 
calorimeter. 

Washington,  May  28,  1920. 
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I.  GENERAL  PLAN  OF  INVESTIGATION 

The  results  of  the  experimental  rolling  into  rails  of  several  types 
of  ingots,  including  several  designs  of  sink-head  ingots  and  others, 
with  the  cooperation  of  the  Maryland  Steel  Co. ,  reported  by  Hadfield 
and  Burgess,*  looked  sufficiently  promising  to  the  rail  committee  of 
the  Pennsylvania  Railroad  to  warrant  the  purchase  of  100  tons  of 
ingots  cast  by  Sir  Robert  Hadfield  in  England,  in  order  to  make  a 
more  effective  sttfdy  of  the  suitability  of  this  type  of  sink-head 
ingot  for  the  manufacture  of  rails.  It  was  also  considered  desirable 
to  carry  out  similar  series  of  tests  of  ingots  of  ordinary  rail  steel 
rolled  at  the  same  time  and  imder  as  nearly  identical  conditions 
as  possible  in  the  same  mill.'  President  F.  W.  Wood,  of  the  Mary- 
land Steel  Co.,  Sparrows  Point,  Md.,  offered  the  facilities  of  that 
plant  for  this  investigation,  as  in  the  case  of  previous  experiments 
reported  by  Hadfield  and  Burgess.  The  rolling  of  ingots  for  the 
present  investigation  was  done  in  191 5  at  the  Sparrows  Point 
plant.  The  reduction  of  the  results  has  been  greatly  delayed,  but 
it  is  thought  the  subject  matter  is  still  of  sufficient  interest  to 
warrant  publication. 

The  planning  of  the  details  of  the  investigation,  after  corre- 
spondence with  Sir  Robert  Hadfield,  was  made  by  A.  W.  Gibbs, 
chief  mechanical  engineer  of  Pennsylvania  Railroad  Co. ;  F.  W. 
Wood,  president  of  Maryland  Steel  Co.;  and  Dr.  G.  K.  Biu-gess, 
chief,  division  of  metalliu-gy,  Biu-eau  of  Standards;  and  the  tests 
were  carried  out  by  members  of  the  technical  staffs  of  their 
respective  organizations,  to  whom  acknowledgment  is  here  made 
for  their  indispensable  aid. 

It  was  expected  by  Sir  Robert  Hadfield  that  the  sink-head  ingots 
made  under  this  system  would  yield  rails  of  remarkably  high 
quality  as  regards  **  soundness,  freedom  from  all  piping  and  all 
segregation.''  From  an  inspection  of  the  data  concerning  the 
manufacture  of  the  ingots  made  by  this  process  he  also  felt  con- 

>  Hadfield  and  Burgess,  Sound  Steel  Ingots  and  Rails,  Trans.  Am.  InsL  Min.  Bngrs.,  61,  pp.  86a-68o, 
I9ts:  J.  Iron  and  Steel  Inst.,  91,  pp.  40-134, 19x5. 

*  See  also  the  valuable  paper  comparing  American-made  sink-head  and  ordinary  ingots  for  rails  by 
Bdward  P.  Kenney:  The  Commercial  Production  ol  Sound  and  Homogeneous  Steel,  Am.  Iron  and  Steel 

Inst.,  p.  144,  Z9ZS* 
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fident  in  stating:  **This  shows  in  a  remarkable  manner  the  mii- 
f  ormity  of  the  ingots ;  also  that  every  one  of  them  is  perfectly  soimd, 
free  from  blowholes,  with  no  piping,  and  segregation  below  8  per 
cent  discard." 

The  results  of  the  present  investigation  of  37  ingots  of  the  Had- 
field  type  show  that  he  was  not  far  astray  in  the  confident  predic- 
tion of  tmiformity,  physical  somidness,  and  freedom  from  chemical 
segregation.  In  fact,  it  is  difl&cult  to  imagine  37  ingots,  from  as 
many  heats  of  steel,  more  miiform  in  quality  and  properties  and 
as  free  from  those  undesirable  qualities  and  tmcertainties  that 
beset  the  ordinary  ingot  from  which  rails  are  made. 

The  ingots  with  which  they  wfere  compared,  the  product  of  three 
heats,  5  from  each  heat,  or  15  ingots  in  all,  arejiot  less  instructive, 
in  that  each  group,  or  heat,  represents  a  distinct  practice  in  open- 
hearth  manufacture.  In  this  investigation,  therefore,  from  the 
point  of  view  of  steel  making,  we  are  really  comparing  the  products 
rolled  from  2  types  of  ingot  representing  4  methods  of  manuf actiu-e. 

The  rolling,  inspection,  tests,  and  analyses  were  carried  out  with 
the  greatest  care,  and  by  a  series  of  actual  weighings  all  the  mate- 
rial from  the  several  ingots  was  accounted  for. 

n.  DETAILED  SCHEME  OF  PROCEDURE 

The  detailed  scheme  of  observations  of  rolling  and  tests  of  sink- 
head  and  comparison  ingots  follows: 

1.  OTGOTS 

Method  of  Numbering  Ingots. — ^The  sink-head  ingots  were 
numbered  Hi,  H2,  etc.,  ....  H37,  and  the  ingots  made  in  the 
ordinary  manner  were  numbered  Mi,  M2,  etc., Mi 5. 

Weight  of  Ingots. — The  sink-head  ingots  were  weighed  cold 
and  the  others  were  weighed  hot.  The  approximate  weight  of  the 
sink-head  ingots  was  5300  pounds  each  and  of  the  comparison 
ingots  7300  pounds. 

Size  and  Shape  of  Ingots. — ^The  English-made  ingots  were  cast 
with  sink  head  on  large  end,  while  the  American-made  ingots  were 
cast  small  end  up;  dimensions  of  both  types  of  ingot  are  shown  in 
Table  i ,  and  details  concerning  the  sink  heads  of  Hadfield  ingots 
are  to  be  foimd  in  Table  2. 

Composition  of  Ingots. — ^Each  sink-head  ingot  was  from  a  sep- 
arate heat,  the  compositions  of  which,  furnished  by  the  manufac- 
turer, are  given  in  Table  2.  The  American-cast  ingots  were  from 
three  heats,  and  their  chemical  compositions  are  shown  in  Table  3. 
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Temperature  ot  Ingots. — ^The  temperature  of  pouring  of  the 
comparison  ingots  is  shown  in  Table  6;  the  temperature  of  the 
sink-head  ingots  was  taken  when  they  were  introduced  into  the 
soaking  pits,  the  temperattu'es  of  which  were  also  noted  then 
and  at  intervals  imtil  the  ingots  were  withdrawn  from  the  soaking 
pits;  the  temperattn-e  of  English  (Table  7)  and  comparison  (Table 
8)  ingots  were  also  taken  at  the  blooming  mill.  In  Table  9  are 
shown  typical  ingot-rolling  temperattu-es  of  both  types  of  ingot. 

Inspection  of  Ingots. — ^The  sink-head  ingots  were  inspected 
cold  for  surface  defects,  cracks,  etc.,  and  at  the  blooming  mill 
dtuing  rolling  for  the  existence  and  location  of  ciiacks,  scrap,  etc. 
(Table  4).  The  other  ingots  were  similarly  inspected  at  the 
blooming  mill  (Table  5). 

Disposition  of  iNOOTs-.-^Of  the  37  sink-head  ingots  cast  at 
SheflBeld,  35  were  rolled  into  blooms  at  the  Sparrows  Point  mill, 
and  the  remaining  2  ingots  were  sectioned  longitudinally  for 
metallographic  examination.  The  examination  of  H32  was  made 
by  the  Btu-eau  of  Standards  and  that  of  H37  by  Hadfields  (Ltd.). 
In  addition  to  splitting  2  ingots,  it  was  also  decided  to  examine 
similarly  top  blooms  from  one  of  each  of  the  two  types  of  ingot, 
H5  and  Mio.  The  blooms  and  ingots  examined  in  this  manner 
were  selected  at  random.  All  blooms  were  rolled  into  rails  directly 
without  reheating,  and  all  material  was  accounted  for  by  actual 
weighing,  as  shown  in  Tables  10  and  11. 


TABLE  1.— Dimensions  of  Ingots  of  Botli  Types 

Part  meuured 

Sink-head 
ingot 

Compariaon 
ingot 

Top 

Inches 
19H  by  19H 

Inches 
18)i  by  mi 
19f2  i^  19K 

B&r 

FHfht 

a  The  heii^t  given  is  ezdusive  of  the  height  of  sink  head,  which  was  apimndmately  X3K  Inches. 
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TABLE  2.— Results  of  Chemical  Analyses  and  Head  Particulars  of  Sink-Head  In^s  » 


Heat 
num- 
ber 

Chemical  compositlim  (percentages) 

Sink-head  particulars 

Ingot 
number 

C 

SI 

S 

P 

Mn 

Height  to 

which 

flUed 

in  head 

Depth  ot 
settling 

ofcavtty 

Peroent- 

seSlh^to 
total  bulk 
ot  ingot 

HI 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

HIO 

Hll 

H12 

4774 
4738 
4847 
4915 
4873 

4939 
4627 
4680 
4709 
5065 

5018 
4641 
5059 
4835 
4978 

4992 
4825 
4829 
5073 
4696 

4801 
4723 
5046 
5030 
4668 

4813 
4615 
4588 

4908 
4861 

4600 
5004 

4761 
5099 

4887 
4653 

0.65 

0.63-  .64 

.63-  .64 

.65-  .66 

.69 

.63-  .64 
.64 
.65 
.58 

.63-  .64 

.64 
.67-  .69 
.63-  .64 

.69 
.67-  .68 

.66 
.66 
.66 
.63-  .64 
.66 

.66 
.63 
.62-  .63 
.60 
.58 

.64 
.64 
.64 
.64 
.61-  .62 

.65 
.65 
.65 
.63- .64 
.63 
.61 

0.16 
.16 

.14 
.20 
.19 

""Vzi 

.15 

0.040 
.042 
.047 
.049 
.050 

.045 
.052 
.049 
.049 
.042 

.039 
.045 
.049 
.046 
.051 

.045 
.045 
.041 
.045 
.038 

.036 
.044 
.042 
.056 
.042 

.048 
.048 
.047 
.041 
.045 

.049 
.052 
.048 
.039 
.050 
.053 

0.028 
".029* 

'".'wi* 

.031 

0.94 
.91 
.93 
.92 
.95 

.92 
.97 
.92 
.93 
.86 

.92 
.92-  .94 
.92 
.91 
.96 

.94 
.92 
.98 
.90 
.96 

.95 
.95 
.93 
.94 
.93 

.93 
1.01 
.97 
.84 
.92 

.96 
.94 
.90 
.86 
.89 
.85 

Inches 
14.00 
13.50 
13.75 
14.00 
14.00 

13.00 
14.00 
13.75 
13.00 
13.25 

14.00 
14.50 
14.00 
13.50 
14.50 

13.50 
13.50 
14.00 
14.00 
13.50 

13.50 
13.50 
13.50 
13.50 
14.50 

14.00 
14.25 
13.00 
14.00 
14.00 

13.50 
14.00 
13.50 
11.00 
14.00 
13.50 

Inches 
8.25 
9.00 
9.25 
9.75 
9.38 

7.50 
8.25 
8.50 
7.75 
9.25 

8.75 
8.50 
8.88 
7.75 
9.88 

9.75 
6.88 
8.50 
9.50 
6.50 

8.13 
8.00 
7.00 
10.13 
8.50 

8.63 
7.00 
7.25 
8.75 
9.63 

8.50 
8.50 
8.50 
8.88 
9.00 
7.75 

Cm> 

9950 
10300 
10450 

9675 
10250 

8800 
9600 

10250 
8930 

llOOQ 

10040 
9000 

10750 
9520 
9260 

9000 

9000 
11100 
10500 

8600 

9150 
9900 

10500 
11950 
10100 

10800 
9000 

8930 
9750 
10900 

9825 
10175 
10600 
10040 
10500 

9900 

3.19 
3.31 
3,37 
3.10 
3.29 

2.84 
3.08 
3.29 
2.88 
3.52 

3.21 
2.89 

H13 

H14 

H15 

H16 

H17 

H18 

H19 

H20 

H21 

H22 

H23 

H24 

H25 

H26 

H27 

H28 

H29 

H30 

H31 

H32 

H33 

H34 

H35 

H36 

.032 
"'.'03i" 

3.44 
3.05 
2.95 

2.88 
2.89 
3.55 
3.37 
2.77 

2.90 
3.17 
3.37 
3.82 
3.24 

3.45 
2.89 
2.86 
3.11 
3.49 

3.16 
3.27 
3.47 
3.34 
3.36 
3.17 

a  Furnished  by  Sir  Robert  Hadfield. 

TABLE  3.— Results  of  Chemical  Analyses  of  Maryland  Steel 


Heat  number 

numbers 

C 

Si 

S 

P 

Mn 

Cr 

m 

2x4497 

Ml-M5,inc.. 
M6-M10,inc. 
M11-M15.  Inc. 

.606-0.630 
.642-  .654 
.642-  .650 

0.148 
.185 
.191 

0.067 
.092 
.097 

0.010 
.014 
.019 

0. 71(M).  720 
.650-  .660 
.760-  .810 

0.270 
.290 
.270 

0.760 

1x3632 

.780 

2x4510 

.760 
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TABLE  5. — ^Time  Constuned  in  Rolling  and  Results  of  Inspection  of  Comparison 

Ingots  and  Blooms 


number 

Date  tolled 

Heat 

num- 

bar 

Time 

in 
melda 

Time 

in 
aoak- 

Time 
con- 
anmed 
inioU- 
ingin 
bloom- 

immiii 

Reanlta  of  inapectlen  dorim  lollim  in 
bloomim  mill 

1 

Am.  16, 1915 

de 

de 

de 

de 

2x4497 
2x4497 
2x4497 
2x4497 
2x4497 

1x3f>32 

Min. 
20 
20 
20 
20 
20 

23 
23 
23 
23 
23 

30 
30 
30 
30 
30 

H.  M. 
2    10 
2    14 
2    18 
2    21 
2    23 

1    40 
1    40 
1    41 

1     43 

1  45 

2  15 
2    15 
2    17 
2    19 
2    20 

M.S. 
2    25 

1  50 

2  35 
2    .. 
2    .. 

\fs 

2    10 

1  55 

2  10 

2    .. 
2    .. 
2    .. 
2    10 
2      5 

1  comer  and  1  aide  cracked  1  foot  from  bottom. 

2 

3 

4 

5 

Small  apot  of  acrap  2  leet  from  top  on  comer. 
Clear  bloMn. 

Do. 

Do. 

6 

Am.  18, 1915 

de 

de 

de 

de 

de 

de 

de 

de 

...de.... 

Two  amall  aide  cracka  4  feet  from  bottom. 

7 

8 

9 

10 

11.... 

12 

13 

14 

15 

1x3632 
1x3632 
1x3632 
1x3632 

2x4510 
2x4510 
2x4510 
2x4510 
2x4510 

Clear  bloom. 

Do. 

Do. 
1  amall  aide  crack  5  feet  from  bottom. 

Clear  bloom. 

Small  aide  crack  3  leet  from  top. 

Clear  bloom. 

Small  aide  aack  2  feet  from  bottom. 

TABLE  6.— Pouring  Temperatures  of  Comparison  Ingots  <> 


Obaervatfon  number 

Tempera- 
ture for 
heat 
1x3632 

Tempera- 
ture for 
heat 
2x4510 

Obaervation  number 

Tempera- 
ture for 
heat 
1x3632 

Tempera- 
ture for 
heat 
2x4510 

1 

•c 

•c 

1557 

1545 

el545 

C1538 

C1540 

C1528 

C1531 

1532 

1537 

16 

•c 

1543 
1533 
1533 
1539 
1523 

1539 

1537 
1537 
1529 

•c 

1522 

2 

17 

1512 

3 

M596 
6  1587 
M564 

6  .... 

6  1578 
1559 
1557 
1557 

1549 
1557 
1547 
1551 
1539 

18 

1507 

4 

19 

1497 

5 

20 

6 

21 

7 

22 

8 

23 

9 

24 

10 

11 

1527 
1531 
1521 
1533 
1527 

12 

13 

14 

15 » 

aPourins  temi>eratures  group  Hz-Hs,  inclusive,  not  taken. 

6Ingot8  from  group  M6-M10,  inclusive.    (Average  pouring  temperature.  z58x*C.) 

cingota  from  H  iz-Mxs,  inclusive.    (Average  pouring  temqperature,  x5j6C.) 
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TABLE  7.— Temperatures  of  Working  of  Sink-Head  Ingots 


II 


Ingot  number 

WMudngplti 

Ingot  tempertture 

Rail  temperature 
at  flnislitog  pass 
(taken  on  base  of 
raU) 

At  time  of 

charginc 

ingots 

After  14i 
hours 

Wben 
drtwn 

Blooming 
mill 

First  raU 
bar 

Second 
raillMtf 

1 

•c 

700 
700 
700 
700 
700 

700 
750 
750 
750 
750 

750 
750 
650 
650 
650 

650 
650 
650 
650 
650 

650 
650 
650 
650 
600 

600 
600 
600 
600 
600 

600 
600 
600 
600 
600 

•c 

1310 
1310 
1310 
1310 
1310 

1310 
1300 
1300 
1300 
1300 

1300 
1300 
1200 
1200 
1200 

1200 
1200 
1200 
1240 
1240 

1240 
1240 
1240 
1240 
1305 

1305 
1305 
1305 
1305 
1305 

1300 
1300 
1300 
1300 
1300 

•c 

1300 
1300 
1300 
1300 
1300 

1300 
1290 
1290 
1290 
1290 

1290 
1290 
1295 
1295 
1295 

1295 
1295 
1295 
1280 
1280 

1280 
1280 
1280 
1280 
1515 

1515 
1515 
1515 
1515 
1515 

1316 
1316 
1316 
1316 
1316 

•c 

1130 
1140 
1137 
1123 
1172 

1157 
1125 
1149 
1116 
1143 

1144 
1140 
1149 
1166 
1180 

1154 
1173 
1146 
1156 
1147 

1136 
1142 
1148 
1136 
1182 

1164 
1179 
1153 
1157 
1160 

1156 
1149 
1151 
1153 
1140 

•c 

1016 
1030 
1026 
1025 
1025 

1019 
1028 
1024 
1034 
1043 

1032 
1034 
1048 
1032 
1069 

1047 
1047 
1036 
1040 
1046 

1029 
1047 
1034 
1038 
1018 

1036 
1045 
1040 
1032 
1029 

1033 

•c 

1007 

2 

1020 

15 

1017 

21 

1005 

24 

1010 

28 

1008 

7 

998 

9 

1016 

13 

1006 

14 

1019 

22 

1018 

35 

1011 

6.   ::::::::: :::::::::::::..:... 

1025 

18 

1023 

19 

1044 

23 

1026 

26 

1034 

31 

1016 

4 

1016 

10 

1022 

11 

1012 

12 

1029 

29 '. 

1005 

36 

1016 

16 

955 

17 

1016 

20 

1023 

27 

1024 

30 

1020 

33 

1017 

3...- 

10?3 

5 

8 

1029 
1035 
1014 

1023 

25..      

1000 

34 

1004 

Aveiaie.' 

658 
750 
600 

1276 
1310 
1200 

1299 
1315 
1280 

1150 
1182 
1116 

1034 
1069 
1014 

1014 

^Ilias^JL 

1044 

955 

TABLE  8.— Temperatures  of  Working  of  Comparison  Ingots 


Ingot  number 

^  Ingot 
tempera- 
ture in 
blooming 
mill 

flnistiing  pass 
(taken  on  base  of 
rail) 

First 
rail  bar 

Second 
rail  bar 

1 

•c 

1149 
1173 
1164 
1179 
1177 

1026 
1016 
1040 
1053 
1064 

1031 
1029 
1030 
1038 
1038 

1039 
1046 
1032 
1025 
1024 

•c 

1006 

2 

993 

3 

1025 

4 

1039 

5.. 

1027 

6 

1005 

7 

1167 
1176 
1159 
1180 

1162 
1181 
1161 
1149 
1149 

1018 

8 !...'..!.!.!! 

1001 

9 

1009 

10 

IL 

1003 

U 

1025 

13 

1018 

14 

1016 

IS 

1018 

Average 

1166 
118L 
1149 

1035 
1064 
1016 

1001 

1039 
993 

- 
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TAI 

IL£  9.— Typical  Rolling  Temperature] 

3 

Tempentore  of  sink-heed  ingot  number 

Tempersture  of  comperiaofi  ingot 
number 

7 

13 

14 

19 

28 

30 

34 

2 

5 

7 

10 

13 

15 

•c 

1136 
1147 
1144 
1114 

1123 
1125 
1112 
1103 

•c 

1157 
1114 
1103 
1109 

1109 
1128 
1093 

•c 

1152 

1147 
1136 
1147 

1141 
1141 
1139 

•c 

1212 
1212 
1176 
1176 

1160 
1165 
1165 

•c 

1181 
1171 
1152 
1147 

1147 
1147 
1147 

•c 

1195 
1179 
1165 
1147 

1147 
1139 
1144 
1141 

•c 

1165 
1165 
1157 
1141 

1131 
1123 
1120 
1125 

1141 

•c 

1184 
1171 
1168 
1184 

1171 
1165 
1163 

•c 

1173 
1184 
1176 
1176 

1179 
1184 
1179 
1147 

•c 

1179 
1179 
1176 
1160 

1163 
1157 
1157 

1206 
1198 
1177 
1179 

1173 
1168 
1163 

•c 

1179 
1171 
1168 
1157 

1157 
1147 
1147 

•c 

1168 
1157 
1136 
1149 

1147 
1136 
1144 

1125 

Avenge 
1116     1143  1  1180  1  1157 

1157 

1173 

1177 

Average 
1167     1180  1  1161  1  1149 

Orena  evenge. 

1145 
1212 
1093 

•c 

Grand  everage 1168 

Maifamun 1206 

Minimuni 1136 

TABLE  10.— Disposition  of  Material  from  Sink-Head  Ingots 

(Weight  in  potindi.    Diicard  made  only  to  idiysicalljr  sound  ateel.    Ha  not  included  in  this  table  as  the  top 
bloom  for  this  ingot  was  sent  to  the  Bureau  of  Standards] 


ROLLED  AUG.  16, 1915 

^ 

Bloom  crops 

four 
test 
pieces 
each 
6  inches 
long 

Rail  crops  at  hot  saw 

Ingot  number 

Top 

Bottom 

BCIddle 

Weight 

Percent 
of  ingot, 
average 

Weight 

Percent 
of  ingot, 
average 

No.1 

No.  2 

Bottom 

24 

5300 
5300 
5300 
5300 

5300 
5300 
5300 
5250 

5300 
5300 
5250 
5300 

185 
233 
155 
167 

190 
442 
294 
234 

280 
191 
437 
231 

3.5 
4.4 
2.9 
3.2 

3.4 
8.4 
5.5 
4.5 

5.3 
3.6 
8.3 
4.4 

297 
112 
113 
129 

123 
116 
131 
122 

161 
141 
123 
138 

5.6 
2.1 
2.1 
2.4 

2.3 
2.2 
2.5 
2.3 

3.0 
2.7 
2.3 
2.6 

86 
79 
79 
79 

77 
85 
79 
79 

77 
81 
81 
78 

77 
74 
66 

^ 
59 
43 
46 
54 

46 
58 

47 
53 

60 
32 
30 
31 

38 
77 
75 
54 

48 
39 
45 
50 

259 

28 

•  30 

2 

21 

15 

48 

1 

30 

21 

75 

9 

89 

7 

74 

35 

50 

13 

58 

22 

54 

14 

67 

ROLLED  AUG.  17, 1915 


19 

5300 

160 

3.0 

120 

2.3 

77 

49 

50 

69 

26 

5300 

160 

3.0 

130 

2.5 

75 

47 

53 

70 

18 

5300 

237 

4.5 

116 

2.2 

76 

50 

77 

99 

6 

1         5300 

324 

6.1 

127 

2.4 

77 

44 

56 

69 

23 

1          5350 

134 

131 

2.4 

78 

49 

79 

100 

31 

!         5300 

234 

109 

2.1 

74 

54 

28 

49 

29 

5350 

566 

10.6 

123 

2.3 

77 

44 

63 

78 

36 

5300 

342 

142 

2.7 

76 

50 

47 

71 

4 

5350 

270 

123 

2.3 

71 

50 

46 

56 

11 

5300 

325 

136 

2.7 

73 

73 

39 

61 

12 

5350 

204 

3.8 

124 

2.3 

74 

54 

60 

97 

10 

5250 

320 

6.1 

130 

2.5 

78 

46 

57 

61 

ROLLED  AUG.  18, 1915 

16 

5350 
5300 
5300 
5300 
5300 

5300 
5300 
5300 
5300 

5300 

199 
276 
228 
145 
247 

245 
142 
205 
160 
195 

3!o 

154 
122 
148 
117 
112 

97 
119 
115 
151 
166 

2.9 
2.3 
2.8 
2.2 
2.1 

1.9 
2.3 
2.2 
2.8 
3.2 

74 
73 
75 
74 
74 

78 
78 
71 
77 
83 

37 
43 
49 
S3 
45 

57 
53 
81 
64 
58 

56 

66 
78 
73 
79 

63 
75 
55 

57 
43 

79 

20 

72 

33 

93 

17 

93 

30 

117 

27 

71 

8 

86 

3 

65 

25 

72 

34 

57 

Total 

179  700 

8357 

4.3 

4519 

2.5 

2623 

1856 

1879 

2540 
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TABLE  10— Disposition  of  Material  from  Sink-Head  Ingots— Continued 

ROLLED  AUG.  16, 1915~Continued 


13 


weight 

Weight  of  nils 

TotiU 

weight 

rolled. 

Inchidiiig 

a^rlMt 
plecee 

Loss 

Ineot  number 

A 

B 

C 

D 

Weight 

Percent 
of  Ingot, 
average 

24 

5300 
5300 
5300 
5300 

5300 

5300 
5300 

5250 

5300 
5300 

5250 
5300 

768 
1232 
1315 
1277 

1284 
941 
1096 
1203 

1172 
1289 
1032 
1228 

1111 
1112 
1119 
1115 

1116 
1121 
1121 
1116 

1113 
1116 
1116 
1113 

1117 
1120 
1120 
1120 

1122 
1121 
1117 
1119 

1115 
1118 
1117 
1115 

1122 
1121 
1123 
1123 

1123 
1124 
1119 
1122 

1118 
1120 
1122 
1117 

5082 

5145 
5141 
5172 

5162 
5145 
5167 
5177 

•  5180 
5211 
5174 
5190 

218 
155 

159 
128 

138 
155 
133 
73 

120 
89 
76 

110 

4.1 

28 

2.9 

2 

3.0 

15 

2.4 

1 

2.6 

21 

2.9 

9 

2.5 

7 

1.4 

35 

2.3 

13 

1.7 

22 

1.4 

14 

2.1 

ROLLED  AUG.  17, 1915-Continued 


19 

5300 
5300 
5300 
5300 

5350 
5300 
5350 
5300 

5350 
5j00 

5350 
5250 

1175 
1226 
1130 
1035 

1183 
1191 
867 
1082 

1228 
1161 
1194 
1077 

1108 
1108 
1107 
1107 

1102 
1100 
1107 
1106 

1106 
1107 
1101 
1110 

1112 
1110 

nil 
nil 

1105 
1110 

nil 

1106 

1107 
1116 
1107 
1114 

1115 
1112 
1115 

nil 

1109 
1117 

nil 

1113 

nil 

1114 
1114 
1115 

•   5035 
5091 
5118 
5061 

5070 
5066 

5147 
5135 

5168 
5205 
5129 
5108 

265 
209 
182 
239 

280 
234 
203 

165 

182 
95 
221 
142 

5.0 

26 

3.9 

18 

3.4 

6 

4.5 

23 

5.2 

31 

4.4 

29 

3.8 

36 

3.1 

4 

3.4 

11 

1.8 

12 

4.1 

10. : 

2.7 

ROLLED  AUG.  18, 1915~Contmued 


16 

5350 
5300 
5300 
5300 
5300 

5300 
5300 
5300 
5300 
5300 

1191 
1175 
1153 
1269 
1151 

1229 
1274 
1204 
1275 
1157 

nil 

1107 
1107 
1107 

nil 

1119 
1117 
1103 
1104 
1105 

nil 
nil 

1112 
1113 
1112 

1120 
1109 
1106 
1109 
1115 

1115 
1113 
1112 
1115 
1113 

1121 
1112 
1109 
1112 
1113 

5127 
5158 
5155 
5159 
5161 

5200 
5165 
5114 
5181 
5092 

223 
142 
145 
141 
130 

100 
135 
186 
119 
208 

4.2 

20 

2.7 

33 

2.7 

17 

2.7 

30 

2.6 

27 

1.9 

8 

2.5 

3 

3.5 

25 

2.2 

34 

3.9 

Ttttil 

179  700 

39  464 

37  749 

37  859 

37  946 

174  791 

5519 

3.0 
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TABLE  10.— Disposition  of  Material  from  Sink-Head  Ingots— Continued 

ROLLED  AUG.  16, 1915-Contmuea 


weight 

Discard  in  nil  on 
account  of— 

BCaterial 
discarded  to 

physjoilly 
sound  iteel 

Material  available  for 
rails 

Ingot 

foltod 

with  ho 

draft  on 

Ingot  number 

^nk 
head 

Pipe 

Total 

Weight 

Per 
cent  of 

Weight 

Per 
cent  of 

Ingot, 
average 

Pass 

Ingot, 
average 

ingot, 
average 

number 

24 

5300 
5300 
5300 
5300 

5300 
5300 
5300 

5250 

5300 
5300 

5250 
5300 

161 
163 
230 
310 

292 
162 

■;••;;; 

161 
163 
230 
310 

292 
162 

346 
396 
385 
477 

482 
604 
294 
469 

440 
271 
437 
515 

6.5 

?:l 

9.0 

9.1 
11.1 
5.5 

8.9 

8.3 
5.1 
8.3 
9.7 

4043 
4501 
4526 
4404 

4430 
4230 
4532 
4404 

4435 
4644 
4468 
4367 

76.3 
84.9 
85.4 
83.1 

83.5 
79.8 
85.5 
83.9 

83.7 
87.6 
85.1 
82.4 

87.8 
89.2 
88.9 
88.1 

87.8 
84.8 
91.8 
88.2 

88.6 
92.7 
88.8 

97.5 

1 

28 

1 

2 

1 

15 

2 

1 

2 

21 

% 

9 

I 

7 

235 

160 
80 

235 

160 
80 

1 

35 ... 

1 

13 

2 

22 

2 

14 

284 

284 

2 

ROLLED  AUG.  17. 1915-Contmued 


19 

5300 
5300 
5300 

5300 

5350 
5300 
5350 
5300 

5350 
5300 
5350 
5250 

326 
233 

""158* 

291 
237 
64 

73 

87 
254 
367 
148 

"  *324* 
162 

326 
333 
324 
158 

291 

237 

64 

73 

249 
254 
367 
148 

486 
393 
561 
482 

425 
471 
630 
415 

519 
579 
571 
468 

9.2 
7.4 
10.5 
9.1 

7.9 
8.9 
11.8 
7.8 

9.7 
10.9 
10.7 

8.9 

4261 
4396 
4215 
4283 

4286 
4355 
4209 
4410 

4374 
4317 
4223 
4346 

80.4 
83.0 
79.5 
80.8 

80.1 
82.2 
78.7 
83.2 

81.8 
81.5 
78.9 
82.8 

85.0 
87.9 
85.0 
85.5 

86.7 
86.0 
84.3 
88.4 

87.0 
86.4 
85.1 
86.8 

26 

18 

6 

23 

31 

29 

36 

4 

11 

12 

10 

ROLLED  AUG.  18, 1915— Continued 


16 

5350 
5300 
5300 
5300 
5300 

5300 
5300 
5300 
5300 

5300 

305 
313 
281 
342 
270 

233 
346 
378 
340 
389 

305 
313 
281 
342 
270 

233 

346 
378 
340 
389 

504 
589 

509 
487 
517 

478 
488 
583 
500 
584 

9.4 
11.1 
9.6 
9.1 
9.8 

9.0 
9.1 

11.0 
9.4 

11.0 

4297 
4266 
4278 
4336 
4291 

4434 
4344 
4215 
4337 
4184 

80.4 
80.5 
80.7 
81.8 
80.9 

83.7 
82.0 
79.5 
81.8 
78.9 

86.4 
85.4 
86.7 
87.4 
86.8 

88.5 

87.5 
84.6 
87.5 
84.1 

1 

20 

I 

33 

1 

17 

2 

30 

2 

27 

2 

8 

1 

3 

1 

25 

1 

34 

2 

Total.... 

179  700 

7512 

486 

7996 

16  355 

9.1 

147  643 

81.9 

87.9 
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TABLE  11.— Disposition  of  Material  from  Comparison  Ingots 

[Weiflits  in  pounds.    Discard  msde  only  to  phjrsicslly  sound  steel] 
HSAT  NO.  214497 


w%& 

Bloom  crops 

^r 

Ingot  nnmber 

Top 

Bottom 

five 
test 

Weicht 

Per  cent 
otinfot. 
sverage 

Weight 

Percent 
of  ingot, 
average 

pieces, 
eadi 

6  inches 
long 

1 

7360 
7030 
7040 
7130 
7190 

183 
243 
185 
189 
223 

2.4 
3.4 
2.6 
2.6 
3.1 

276 
209 
143 
226 

175 

3.7 
2.9 
2.0 
3.1 
2.4 

90 

2..*.^..*^«.. 

96 

3 

100 

4 

95 

5 

101 

35  750 

HSAT  NO.  1x3632 


6 

7340 
7200 
7260 
7240 

189 
205 
188 
225 

2.5 
2.8 
2.5 
3.1 

291 
215 
215 
252 

Z,9 
2.9 
2.9 
3.4 

93 

7 

90 

8 

90 

9 

93 

29  040 

• 

HKAT  NO.  2x4510 

j>. 

.-- 

11 

7510 
7340 
7190 
7320 
7480 

664 
288 
490 
379 
236 

8.8 
3.9 
6.8 
5.1 
3.1 

236. 
254 
175 
210 
235 

3.1 
3.4 
2.4 
2.8 
3.1 

96 

12 

89 

13 

88 

14 

95 

15 

96 

_  .                        .      , 

36  840 

' 

Total 

101630 

3887 

3.8 

3112 

3.0 

1314 

HSAT  NO.  1x3632 


3315 


230 


97 


HSAT  NO.  2x4497— ConUnued 


w^ 

RaU  crops  at  hot  saw 

Weight  of  rails 

Ingot  number 

Iftiddle 

X 

A 

B 

C 

D 

B 

N0.I 

No.  2 

1-..,.,, 

2 

7360 
7030 
7040 
7130 
7190 

48 
84 
95 
147 
89 

58 

96 
92 
81 
100 

71 
94 
74 
37 
59 

930 
517 
675 
660 

774 

1117 
1114 
1110 
1108 
1108 

1117 
1115 
1109 
1108 
1109 

1117 
1117 
1115 
1115 
1113 

1123 
1120 
1117 
1116 
1115 

1126 
1122 

3 

1119 

4 

1120 

5 

1119 

35  750 

1 

HSAT  NO. 

lx3632-Contmued 

6 

7340 
7200 
7260 
7240 

44 
34 
60 
23 

63 
56 

59 
59 

75 
28 
73 
94 

878 
880 
888 

783 

1118 
1116 
1111 
1118 

1118 
1114 
1112 
1118 

1121 
1117 
1122 

1122 

1121 
1122 
1120 
1123 

1123 

7 

1122 

8 

1120 

9 

1125 

29  040 

\ 

HSAT  NO.  2x451(V-ConUnued 

11 

7510 
7340 
7190 
7320 
7480 

36 
48 
42 
37 
69 

87 
76 
29 
80 
70 

145 
115 
123 
127 
123 

591 
826 
625 
775 
1011 

1102 
1105 
1101 
1099 
1103 

1106 
1103 
1101 
1099 
1106 

nil 

1106 
1104 
1104 
1107 

1110 
1108 
1104 
1101 
1109 

1116 

12 

1111 

13 

1106 

14 

1103 

15 

1108 

36  840 

Total 

101630 

856 

1006 

1238 

10  813 

15  530 

15  535 

15  591 

15  609 

15  640 

HSAT  NO.  1x3632— Continued 


•I I     «l 


140 


UlS 


1116 


1117 
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TABLE  11.— Disposition  of  Material  from  Con^arison  Ingots— Continued 


HSAT  NO.  214497— Continued 


number 

^ 

Total 
wddit 

Discard 
in  rail 
on  ac- 
count of 
pipe 

Material  dia- 
carded  to  Dhfsi- 
caUyaoundateel 

BCaterial  available  for  rails 

WeiCht 

Percent 
oferifi- 
nalinflot. 
aferage 

Weight 

Percent 
oferifi- 

•verafe 

Percent 
of  net 
inflot. 

average 

Date  rolled 

7360 
7030 
7040 
7130 
7190 

7256 
6929 
6934 
7002 
7065 

505 

688 

243 
185 
525 
223 

•  9.3 
3.4 
2.6 
7.4 
3.1 

6115 
6203 
6345 
5986 
6439 

83.1 
88.2 
90.1 
83.9 
89.5 

88.5 

94.8 
95.8 
90.2 
95.0 

Auf.  16,  1915 

336* 

Do. 

Do. 

Do. 

35  750 

1864 

5.2 

31068 

86.9 

92.8 

HSAT  NO.  lz3632-Continued 

6 

7340 
7200 
7260 
7240 

7234 
7099 
7158 
7135 

505 

505 
163 
336 

694 
710 
351 
561 

8.2 
9.8 
4.8 
7.7 

6067 
6056 
6400 
6146 

82.6 
84.1 
88.1 
84.8 

88.3 

88.2 
93.5 
90.4 

Auf.  18,  1915 

7 

8 

Do. 

9 

Do. 

29  040 

2316 

8.0 

24  669 

85.0 

9a2 

HBAT  NO.  2x4510— Continued 


11 

7510 
7340 
7190 
7320 
7480 

7400 
7229 
7088 
7209 
7373 

1515 
336 
2356 
1682 
1815 

2179 
624 
2846 
2061 
2051 

29.0 
8.5 
39.5 
28.2 
27.4 

4717 
6112 
3873 
4694 
4825 

62.8 
83.2 
53.8 
64.1 
64.5 

67.4 
89.2 
56.7 
68.3 
69.1 

Auf.  19,  1915 
Do. 

12 

13 

Do. 

14 

Do. 

15 

Do. 

36  840 

9761 

26.5 

24  221 

65.8 

70.2 

Total.... 

101630 

100  131 

10  054 

13  941 

13.7 

79  978 

78.7 

83.8 

HBAT  NO.  113632-Continued 

10 

7180 

Auf.  18,  1915 

Bu)OMiNG  Mill. — ^AU  ingots  were  rolled  in  13  passes  in  a  two- 
high  mill  to  blooms  8  by  %yi  inches.  The  English  made  ingots 
entered  the  blooming  mill  with  the  sink  head  toward  the  rolls. 
One  half  received  the  first,  or  **  squaring  up,"  pass  in  this  direction, 
no  draft  being  given  on  second  pass;  the  other  half  were  given 
no  draft  on  the  first  pass,  the  "squaring  up"  being  done  on  pass 
No.  2  (Table  10).  The  comparison  ingots  were  rolled  according 
to  ordinary  practice,  entering  the  rolls  the  small  end  first. 

2.  BLOOMS 

Each  ingot  was  cut  into  2  blooms  (8  by  8>^  inches)  as  shown 
in  Figs.  I  and  2,  and  rolled  directly  into  rails,  that  is,  without 
reheating  of  blooms.  The  second  bloom  from  sink-head  ingots 
made  2  rails  (C  and  D) ,  and  that  from  the  comparison  ingots  made 
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3  rails  (C,  D,  and  E).  The  first  bloom  from  the  sink-head  type  of 
ingot  made  a  B  and,  generally,  a  short  A  rail;  the  first  bloom  from 
the  comparison  type  of  ingot  made  a  B,  A,  and  (short)  X  rail. 
The  blooms  were  sheared  top  and  bottom  as  little  as  possible  for 
the  safe  passage  of  the  bar  through  the  rolls.  Bach  piece  cut  was 
marked,  weighed,  and  preserved. 


Fig.  I. — Method  of  cutting  blooms  and  rails  from  sink-head  ingots 


n 


I 


Fig.  2. — Method  of  cutting  blooms  and  rails  from  comparison  ingots 


Fig.  ^.—Section   of  loo-pound  P.  S. 
railt  showing  location  of  various  tests 

Drillings  for  chemical  analysis  were  taken  at 
**0"  and  "M."  Hardness  determinations  were 
made  at  the  other  positions  indicated 

3.  RAILS 

In  the  rail  mill  there  are  6  passes  in  the  roughing  rolls,  4  in  the 
intermediate  rolls,  and  i  finishing  pass,  making  a  total  of  24  passes 

146030—20 — 2 
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from  ingot  to  finished  rail.  The  rails,  which  were  Pennsylvania 
lOOrpound  section  (Fig.  3),  were  cut  at  the  hot  saw  as  shown  in 
Figs.  I  and  2. 

The  temperature  of  all  rails  was  taken  at  the  finishing  pass. 
The  rails  were  inspected  for  siuiace  defects,  piping,  and  discard 
to  physically  sound  steel.  The  classification  into  ** firsts"  and 
*'  seconds  "  from  surface  conditions  was  made  by  the  Pennsylvania 
Railroad  Co.  inspectors  (Table  12);  the  discard  to  '*  physically 
sound  steel "  was  made  by  cutting  back  in  5-foot  lengths. 

TABLE  12.— ClassificatiQn  of  Rails  Rolled  from  Sink-Head  and  Comparison  Ingots  <> 


Rails  from  tink-hMd  incoCt 

Rails  from  compsrison  ingots 

lll(0(  IltlIIID6r 

BnU 

Grail 

Drall 

Brail 

Grail 

DraU 

Brail 

1                         . 

1 

(•) 

2 

2 

1 

1 

1 
1 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 

1 
2 

2 
2 

} 

2 

1 
1 
2 
1 
2 

1 
2 
2 

1 
2 

1 
2 
2 
2 
1 

(J) 

1 

1 

2 

3 

4 

5.^ , .  ^.  .      ..^.. 

6 

7 

8 

9 

10 

11 

12 

13 

14 ^ 

15 

16 

No.  I  rails. 

No.  2  rails 

TotsL 

53 

4 

17 

Perct. 
93 

18 

19 

7 

20 

21     

57 

100 

n 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32...              

33 

34 

35 

No.  mils 

43 
61 

Perct. 
41 
59 

No.  2  rtilff 

Totsl 

104 

100 

o  Inspection  made  by  Pennsylvania  Railroad  Co.  inspectors. 
^  Sent  to  Bureau  of  Standards. 

The  HA,  the  MX,  and  MA  rails  were  held  for  tests  to  be 
described  later.  All  pieces  of  rail  were  stamped  to  identify 
the  ends. 
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4.  TESTS 

Mechanicai^  Tests. — ^The  first  sound  yioot  length  obtained 
was  taken  as  the  drop-test  piece.  The  test  was  made  in  the 
usual  way  by  dropping  a  2000-pound  tup  from  a  height  of  18 
feet  upon  the  head  of  the  rail  which  was  supported  at  2  points 
3  feet  apart.  This  test  gives  record  of  permanent  set,  elongation 
of  the  base,  and  the  number  of  blows  required  for  the  destruction 
of  the  rail. 

The  6-inch  test  pieces  (B,  C,  D,  etc.,  Figs,  i  and  2),  the  drop- 
test  pieces,  and  the  specimens  from  the  MA  position  were  examined 
for  ultimate  tensile  strength,  yield  point,  elongation  (2-inch 
gage  length),  reduction  of  area,  and  h^dness  by  Brinell  and 
scleroscope.  All  specimens  for  the  tension  tests  were  cut 
longitudinally. 

MBTALlrOGRAPrac  •Tests. — ^There  were  taken  of  each  test-piece 
section,  a  sulphur  print,  a  light  etching,  and  two  photomicro- 
graphs at  100  diameters.  Photomicrograph  A  was  taken  at  upper 
part  of  web,  B  corresponds  approximately  with  O  position  (Figs. 
8  to  12,  inclusive).  These  tests  were  also  made  on  sections  of 
the  5-foot  pieces  of  the  MX,  MA,  and  HA  rails  to  accompany  the 
determinations  of  discard  for  chemical  segregation. 

CHEnncAL  Tests. — Determinations  were  made  of  the  amounts 
of  carbon,  sulphur,  phosphorus,  manganese,  and  silicon  at  the 
**0"  and  **M"  positions  (Fig.  3)  for  test  pieces  (B,  C,  D,  etc.) 
of  all  the  rails;  samples  from  the  5-foot  pieces  of  MX,  MA,  and 
HA  were  also  analyzed.  Some  specifications  contain  a  clause 
which  provides  for  the  rejection  of  rails  when  the  M  position  shows 
a  carbon  content  more  than  12  per  cent  greater  (positive  segrega- 
tion) or  more  than  12  per  cent  less  (negative  segregation)  than 
the  O  position.  In  the  present  investigation,  all  material  showing 
more  than  12  per  cent  positive  or  negative  carbon  segregation  was 
considered  as  tmavailable  for  rails.  The  railroad  using  this  speci- 
fication has  found  from  experience  that  1 2  per  cent  is  the  maximum 
safe  limit  of  segregation. 

m.  DESCRIPTION  OF  OPERATIONS  AND  DISCUSSION  OF 

RESULTS 

1.  mOOT  PRACTICE 

Since  the  sink-head  ingots  were  cast  in  England  and  rolled  in 
this  country,  they  were  necessarily  subjected  to  the  unusual 
process,  at  least  in  rail  manufacttu-e  as  ordinarily  practiced,  of 
reheating  from  the  cold  condition.    The  plan  was  considered  of 
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allowing  at  least  some  of  the  comparison  ingots  to  go  **  stone 
coW  and  reheat  them  before  rolling.  However,  in  view  of  the 
fact  that  the  ordinary  type  of  ingot  is  not  designed  to  meet  this 
condition,  which  practically  never  obtains  in  practice  and  which, 
therefore,  woxild  be  a  possible  misleading  condition  to  impose  on 
the  comparison  ingots  and  of  no  practical  value,  the  comparison 
ingots  were  all  rolled  directly  after  being  cast.  These  ingots 
were  stripped  from  20  to  30  minutes  after  casting  and  put  into 
the  soaking  pits  while  still  hot,  where  they  remained  from  i  hour 
and  40  minutes  to  2  hours  and  23  minutes. 

The  sink-head  ingots  after  preliminary  heating  were  charged 
into  relatively  cool  pits  (for  temperature  details  see  Section  III, 
2,  Temperature  Observations).  The  heat  was  gradually  turned 
on  after  yi  hoiu-  and  the  ingots  remained  in  the  pits  from  17^^ 
hours  to  2i>^  hours.  The  35  sink-head  ingqjts  which  were  rolled 
were  divided  into  three  series  and  rolled  on  successive  days, 
August  16,  17,  18,  1915.  Three  heats  of  comparison  ingots  were 
rolled,  I  on  August  16  and  2  on  August  18.  There  was  no  delay 
or  other  unusual  condition  in  the  mill  during  the  rolling.  The 
ingots  of  a  group  were  rolled  in  succession,  without  intermission, 
and  after  the  mill  bad  been  warmed  up  by  rolling  at  least  one 
complete  heat  of  the  regular  product  of  the  mill.  * 

2.  TEMPERATURE  OBSERVATIONS 

Temperature  observations  were  taken  of  the  soaking  pits  before, 
and  at  intervals,  after  immersion  of  ingots  of  both  types;  of  all 
ingots  in  the  blooming  mill;  and  of  rails  from  both  series  of  ingots 
at  the  finishing  pass.  In  order  to  heat  them  gradually,  the 
Hadfield  ingots  lay  on  the  surface  of  the  soaking  pits  approxi- 
mately 12  hours  before  charging.  They  were  too  hot  to  bear 
the  hand  comfortably  when  charged,  at  which  time  their  estimated 
temperature  was  about  50°  C  (122°  F).  The  pits  which  received 
these  sink-head  ingots  were  allowed  to  cool  to  the  temperature  of 
600°  C  (1112°  F)— 750°  C  (1382°  F)  (Table  7).  The  immersion 
of  the  ingots  further  cooled  the  pits  by  some  200°  C  (392°  F)  as 
measured  immediately  after  charging.  The  gas  was  turned  on 
the  pits  K  ^oxM  after  charging.  The  comparison  ingots  were 
charged  into  the  soaking  pits  hot,  according  to  the  usual  practice. 

Table  7  shows  the  values  of  the  pit  temperatures  (i)  before 
charging,  (2)  about  14K  hours  after  charging,  and  (3)  just  before 
drawing  the  sink-head  ingots.  These  temperatures  were  taken 
with  a  platiniun-rhodiiun  thermocouple  connected  to  a  pivot 
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type  of  indicator.  The  couple  was  inclosed  in  nickel  sheath 
except  the  tip,  which  was  exposed.  In  some  cases  the  tempera- 
tures were  obtained  by  the  use  of  an  optical  pyrometer  of  the 
Morse  type. 

By  means  of  the  optical  pyrometer  temperatures  of  the  ingots 
were  taken  during  the  rolling.  Average  values  obtained  from 
7  or  8  observations  with  optical  pyrometer  at  alternate  passes, 
after  the  first  roughing  pass,  were  taken  of  the  ingots  in  the 
blooming  mill.  The  temperature  of  the  steel  at  the  surface  was 
lowered  about  ly'^  C  (63°  F)  to  40"^  C  (104°  F)  during  the  rolling 
into  blooms.  Tjrpical  illustrations  of  rolling  temperatures  are 
given  in  Table  9  for  several  ingots  of  both  types.  Table  7  con- 
tains finishing  temperatures  of  Hadfield  rail  bars  taken  at  the 
finishing  pass  by  sighting  on  the  center  of  base  of  rail  bar  with 
an  optical  pyrometer.  Each  observation  is  the  average  of  two 
readings. 

In  Table  8  are  similar  data  for  the  comparison  ingots  and  rails, 
except  that  the  pit  temperatures  were  not  taken.  It  will  be 
noted  that  good  uniformity  of  rolling  and  finishing  temperatures 
was  obtained. 

A  series  of  measurements  was  taken  to  compare  the  tempera- 
tures of  this  investigation  taken  at  the  finishing  pass  with  those 
taken '  at  the  hot  saw  by  sighting  on  the  head  of  the  rail.  The 
reading  noted  in  Tables  7  and  8  of  finishing  temperatures  should 
be  reduced  by  about  11°  C  (52°  F)  to  correspond  to  previous 
observations  at  hot  saw. 

The  observed  ingot  and  rail  temperatures  were  taken  on  the 
outside  oxidized  surfaces,  which  are  colder  than  the  interior 
metal  by  75°  C  (167°  F)  to  100°  (212°  F).  This  would  account 
for  the  apparent  discrepancy  between  the  soaking-pit  and  ingot 
temperatures,  and  would  msdce  the  average  true  finishing  tempera- 
ture somewhat  higher  than  1100°  C  (2012°  F). 

3.  GENERAL  COMPARISON  OF  THE  TWO  TYPES  OF  INGOT 

(a)  Size  of  Ingots. — ^The  sink-head  ingots  were  of  5200  pounds 
weight  and  the  comparison  ingots  of  7300  poimds.  In  computing 
the  percentage  of  ingot  material  available  for  rails  the  necessary 
constant  valued  deductions — i.  e.,  the  bottom-bloom  crops  and 
the  middle  and  bottom  rail  crops — ^work  to  the  relative  disad- 
vantage of  the  ingot  of  lesser  weight.  In  was  on  this  account 
that  in  Tables  10  and  11  the  percentage  of  material  available  for 
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rails  is  based  upon  both  the  original  weight  of  ingot  less  the 
weight  of  the  bottom-bloom  crops  and  the  initial  weight  minus 
the  middle  and  bottom  rail  crops. 

(6)  Loss  IN  Heating. — ^The  sink-head  ingots  were  weighed 
while  cold  before  reheating,  and  the  comparison  ingots  were 
weighed  while  hot.  The  abnormal  loss  in  weight  sustained  by 
the  former  should  be  deducted  from  the  nominal  ingot  weight  in 
computing  the  net  ingot.  It  so  happens  that  the  average  bottom- 
bloom  crop  for  the  ingot  made  in  an  ordinary  manner  is  0.5 
per  cent  greater  than  for  the  sink-head  ingot;  so  that  if  the  loss 
on  heating  for  the  comparison  ingots  is  taken  as  0.5  per  cent 
there  will  be  an  exact  balance.  The  English-cast  ingots  remained 
in  the  soaking  pits  some  10  times  as  long  as  the  comparison 
ingots.  If  it  is  nevertheless  preferred  to  compare  actual  per- 
centages of  material  available  for  rails,  that  from  the  sink-head 
ingots  should  be  increased  by  2.5  per  cent  because  there  was  a 
loss  of  3  per  cent,  of  which  some  2.5  per  cent  can  be  charged  to 
reheating.  When  this  correction  is  made  it  is  seen  that  the 
average  sink-head  ingot  gives  about  84.8  per  cent  material  avail- 
.able  for  rails  instead  of  81.9  per  cent.  Ingot  H24  should  not  be 
used  in  the  (iiscussion,  as  it  was  accidentally  given  an  excessive 
bloom  crop.  The  expression  ** material  available  for  rails,'*  as 
used  here  and  in  Tables  10  and  1 1 ,  refers  to  only  physically  sotmd 
steel.  Subsequent  chemical  analyses  showed  a  much  greater 
discard  was  necessary  to  eliminate  segregation  above  1 2  per  cent 
(Tables  17  and  18). 

(c)  CoBiPARisoN  BY  HEATS. — It  will  be  noted  that  the  three 
heats  of  comparison  ingots  have  each  very  distinct  characteristics; 
for  example,  as  expressed  in  material  available  for  rails,  which  are 
the  results  of  varying  open-hearth  and  casting  practice.  In 
group  M1-M5  the  percentage  of  material  available  for  rails  was 
86.9  per  cent;  in  group  M6-M9,  85  per  cent;  and  in  group  Mii- 
M15,  65.8  per  cent  (Table  11).  It  was  for  this  reason  that,  in 
addition  to  the  general  average  of  properties  of  all  Maryland 
rails,  averages  were  computed  for  each  of  the  three  Maryland 
heats.  The  three  rollings  of  the  Hadfield  ingots  show  great 
uniformity,  however  expressed,  and  thus  indicate  that  the 
manufacture  of  the  ingots  in  all  cases  apparently  was  carried 
out  in  accordance  with  a  uniform  practice. 
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(d)  Inspection  ok  Ingots. — ^The  sink-head  ingots  were  ex- 
amined while  cold  for  surface  defects,  and  the  surface  condi- 
tion of  all  ingots  was  noted  by  another  observer  as  they  passed 
through  the  blooming  mill  (Tables  4  and  5).  There  were  side 
splashes,  rough  sides,  and  rough  comers  on  nearly  all  the  sink- 
head  ingots,  and  only  4  of  the  35  were  noted  as  clean  blooms  in 
rolling,  as  compared  with  8  clean  blooms  from  the  15  comparison 
ingots. 

{e)  CoBiPARisoN  OF  CHEMICAL  COMPOSITION,  (i)  Sink-Head 
Ingots  (Table  13). — ^The  chemical  composition  of  the  rails  from 
the  sink-head  ingots  shows  a  remarkable  degree  of  uniformity. 
Thus  for  the  O  analysis  the  average  carbon  is  0.648  per  cent, 
with  an  average  deviation  from  mean  of  0.017.  If  we  take  the 
C  test  piece  as  representing  the  ingot  composition,  the  average 
for  carbon  of  C-M  is  0.644  P^  cent  and  C-O  0.653  P^  <^ent,  the 
average  deviation  from  mean  in  each  case  being  o.oi  7. 

The  average  phosphorus  content  of  the  O  position  is  0.032  per 
cent,  with  an  average  deviation  of  0.002 ;  for  sulphur  (O  position) 
the  average  is  0.047  per  cent,  with  a  deviation  of  0.004.  For  the 
M  position  the  concordance  is  somewhat  less  good.  Manganese 
and  silicon  are  very  imiformly  distributed. 

(2)  Comparison  Ingots  (Table  14). — ^These  ingots  were  cast 
with  small  end  uppermost,  and,  except  for  a  nickel  content  of 
0.75  per  cent  and  chromium  content  of  0.28  per  cent,  were  of  a 
composition  and  imiformity  comparable  with  the  sink-head  type, 
the  average  O  position  having  a  carbon  content  of  0.645  P^r  cent 
(sink  head  0.648  per  cent) ,  with  an  average  deviation  from  mean 
of  0.036.  The  manganese  content  is  0.70  per  cent,  as  compared 
with  0.89  per  cent  for  the  sink-head  ingots;  the  phosphorus 
content  is  0.019  P^  cent,  while  in  the  sink-head  ingot  it  is  0.047 
per  cent.  Group  M11-M15  has  an  average  phosphorus  content 
of  0.028  per  cent,  which  quite  closely  agrees  with  that  of  English- 
cast  ingots.  This  subgroup  is  also  from  its  method  of  manufacture 
the  best  to  compare  with  the  imported  ingots. 

The  sulphur  content  of  the  comparison  ingots  follows  the 
grouping  by  heats;  the  O  analysis  of  C  rail,  for  example,  for 
M1-M5  has  a  sulphur  content  of  0.076  per  cent;  for  M6-M10  the 
sulphur  is  o.ioi  per  cent;  for  M11-M15  the  sulphur  is  0.118  per 
cent.  The  manganese  and  silicon  of  the,  first  two  groups  are 
practically  identical,  while  both  are  slightly  higher  in  the  third 
group  (Ml  I -Mi  5).  The  chroirium  and  nickel  contents  are 
practically  constant  at  0.28  per  cent  for  the  former  and  0.75  per 
cent  for  the  latter  for  all  three  groups. 
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4.  THE  SINK-HEAD  INGOTS,  THEIR  MANUFACTURE  AND  CLASSIFICATION 

There  were  37  ingots  of  this  Hadfield  type  cast  large  end  up 
and  each  provided  with  a  sink  head  (Table  i  and  Fig.  4).  The 
ingots  were  fed  by  the  Hadfield  method  in  the  usual  manner, 
with  charcoal  and  blast  continued  for  about  20  to  40  minutes 
imtil  the  molten  steel  had  set  on  the  top  of  the  head. 


Fig.  4. — Sink-head  in- 
got 

The  steel  was  made  by  the  converter  process,  a  small  furnace 
being  used,  and  each  ingot  represents  a  heat.  These  ingots  are 
of  remarkable  uniformity  of  chemical  composition,  weight,  and 
sink-head  characteristics  (Table  2).  About  30  to  40  seconds 
were  required  for  pouring  each  ingot. 

(a)  Sink-Head  Effect. — Due  to  the  imcertainty  of  the 
location  of  the  sink-head  junction,  an  arbitrary  allowance  has 
to  be  made  in  advance  at  hot  saw  or  shears  or  one  risks  having 
the  A  rails  rejected.  If  the  total  top  discard  (bloom  and  rail) 
is  adjusted  to  13  per  cent  there  will  be  no  rails  rejected  on  account 
of  sink  head;  if  this  is  set  at  8  per  cent  one  would  expect  about 
one-half  the  A  rails  to  contain  surface  imperfections  caused  by 
the  sink  head  and  ingot  junction  (Table  10).  The  sink  head 
alone  entails  on  the  average  a  discard  of  about  9.1  per  cent  of 
the  Hadfield  ingot. 
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The  ingot  usually  enters  the  rolls  with  large  end  and  sink  head 
first;  it  appears,  however,  to  make  no  difference  which  end  of 
ingot  is  first  subjected  to  the  **  squaring-up  "  pass.  The  presence 
of  the  sink  head  appears  to  present  no  difficulties  in  either  the 
blooming  mill  or  rail  mill.  One  ingot  cracked  at  the  bottom  of 
the  sink  head  during  rolling,  but  this  was  without  effect  on  the 
passage  of  this  bloom  through  the  rolls. 

(6)  Piping  in  Sink-Head  Ingots. — ^Two  of  the  35  sink-head 
ingots  were  examined  as  rails  had  pipes,  detected  in  the  mill, 
extending  into  the  ingot  10  or  11  per  cent,  or  to  some  5  per  cent 
below  the  sink  head  in  some  cases  (Table  10).  All  piping  woxild 
appear  to  be  eliminated  with  a  discard  of  11  per  cent,  which  is 
very  nearly  that  required  to  eliminate  all  sink-head  imperfections 
and  carbon  segregation  above  12  per  cent. 

(c)  Infi^uence  ok  Surface  Condition  ok  Ingots  on  Raii^ 
Classification. — It  was  possible  to  make  a  very  careful  exami- 
nation for  flaws  in  the  surfaces  of  the  sink-head  ingots  while 
cold;  their  condition  during  rolling,  as  well  as  of  the  comparison 
ingots,  was  also  noted.  In  this  way  some  idea  of  the  relation  of 
'* second"  rails  to  ingot  siuface  may  be  established  (Tables  4,  5, 
and  12). 

There  were  a  relatively  large  number  of  ** second"  rails  from 
the  sink-head  ingots,  61  out  of  a  total  of  104  rails,  or  59  per  cent. 
There  were  only  4  in  57  from  the  comparison  ingots,  or  7  per  cent. 
The  A  rails  were  not  included  for  either  group.  This  inspection 
was  made  by  Peimsylvania  Railroad  Co.  inspectors. 

There  appears  to  be  no  reason  why  ingots  of  the  sink-head 
type  should  not  be  as  well  surfaced  as  any  other,  and  the  high 
percentage  of  seconds  should  not  be  attributed  to  the  type  of 
ingot,  as  the  bottom  of  the  sink  head  was  well  within  the  A  rail, 
which  was  not  classified.  Probably  the  severe  and  tmusual 
reheating  conditions,  together  with  the  original  surface  as  influ- 
enced by  condition  of  the  molds  and  teeming  practice,  contrib- 
uted somewhat  toward  producing  the  large  number  of  ** seconds" 
from  the  sink-head  ingots.  A  large  percentage  of  ** seconds"  was 
similarly  obtained  from  the  reheated  Hadfield  ingots  reported  on 
by  Hadfield  and  Burgess.* 

5.  the  comparison  ingots,  their  manufacture  and 
classification 

There  were  1 5  Maryland  ingots,  in  3  groups  of  5  each,  of  about 
7300  pounds  each,  top-poured  into  ingot  molds  with  small  end 

« See  footnote  I. 
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up.  (See  Table  i  for  dimensions.)  They  were  rolled  as  portions 
of  three  heats  on  different  dates,  the  total  number  of  ingots  in  a 
heat  being  13  or  20.  The  time  of  teeming  into  molds  was  about 
35  seconds  each.  The  product  from  each  heat  thus  forms  a 
distinctive  group  and  shoxild  be  considered  separately.  The 
ingots  were  selected  arbitrarily  before  being  cast  as  the  five  to  be 
poured  in  Succession  after  the  second  one  of  the  heat.  The  heats 
were  three  of  a  series  of  rail  steel  from  the  ordinary  output  of 
the  open  hearth  and  were  not  especially  chosen. 

The  first  10  ingots,  heats  2X4497  (M1-M5)  and  .1X3632 
(M6-M10)  were  apparently  made  from  rising  steel,  while  ingots 
M11-M15  of  heat  2X4510  were  from  quiet  or  ** killed"  steel; 
ingots  M6-M15  were  deoxidized  with  aluminum;  ingots  Mi-Mio 
were  chilled  on  top,  M1-M5  with  cast-iron  caps  and  M6-M10  with 
water. 

The  effects  of  these  differences  in  furnace  and  casting  practice 
are  very  striking  on  the  finished  product.  Thus  the  deoxidized 
flat-top  ingots  (Mi  i -Mi 5)  show,  as  would  be  expected,  pro- 
nounced piping;  for  this  group  the  average  discard  to  physically 
sotmd  steel  is  26.5  per  cent  and  ranging  from  8.5  to  39.5  per 
cent.  With  this  discard  may  be  compared  the  discard  of  5.2 
per  cent  for  the  first  Maryland  group  and  8  per  cent  for  the  sec- 
ond, and  except  in  2  cases  out  of  35  a  negligible  discard  for  piping 
below  the  sink  head  of  the  Hadfield  ingots.  The  small  discard 
(6.6  per  cent)  to  sotmd  steel  for  the  average  of  the  first  two 
Maryland  groups  is,  however,  misleading,  as  there  may  exist 
internal  or  inclosed  pipes,  especially  for  the  second  or  deoxidized 
group.  In  the  first  comparison  group  (M1-M5)  one  would 
expect  to  find  a  spongy,  segregated  structure  in  the  upper  part 
of  the  ingot.  This  is  brought  out  in  some  of  the  sulphur  prints  of 
rail  from  the  upper  part  of  the  ingots  of  this  group,  a  typical  one 
being  shown  in  Fig.  8. 

Of  the  first  group,  M5  contains  a  very  pronounced  jMpe  near 
the  bottom  of  the  ingot  in  the  F  position  (Fig.  9).  The  question 
may  be  raised  as  to  whether  the  practice  of  chilling  the  ingot  top 
does  not  tend  to  produce  internal  pipes  which  may  be  distributed 
an5rwhere  along  the  center  line  of  the  ingot. 

The  phenomenon  of  segregation,  which  is  intimately  allied  to 
the  furnace  and  casting  practice  for  the  comparison  ingot,  is  dis- 
cussed separately.  The  mechanical  properties,  as  brought  out 
by  the  several  tests — ^ultimate  strength,  yield  point,  elongation. 
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reduction  of  area,  hardness  and  drop  test — show  less  dependence 
on  the  processes  of  manufacture. 

6.  COMPARISON  OF  CHEMICAL  SEGREGATION  OF  INGOTS  OF  BOTH 

TYPES 

Each  comparison  ingot  furnished  .6  and  each  sink-head  ingot  4 
rails.  In  comparing  the  segregation  of  the  A  test  piece  it 
should  be  remembered  that  for  the  sink-head  ingots  this  position 
is  that  of  the  drop-test  piece  at  about  9  per  cent  below  the  top 
(including  sink  head),  while  for  the  comparison  ingots  the  A 
test  piece  is  at  the  jimction  of  the  X  and  A  rails,  or  at  10.6  per 
cent  from  the  top  of  ingot.  Therefore  they  are  in  sufficiently 
similar  positions  for  comparison,  except  that  10.6  per  cent  of  a 
comparison  ingot  (7260  poimds)  represents  770  potmds  of  steel, 
or  23  feet  of  rail,  while  9.6  per  cent  of  a  sink-head  ingot  (5300 
poimds)  represents  509  pounds,  or  only  15  feet  of  rail,  or  the  A 
position  in  the  comparison  has  a  rail  discard  8  feet  greater  than 
the  sink-head  ingot  on  the  average. 

The  E  position  of  the  rails  from  sink-head  ingots  should  be 
compared  with  the  position  of  the  comparison  ingots  F,  the  sink 
head  D  with  comparison  E,  the  sink  head  C  with  comparison  C 
and  D,  and  the  sink  head  B  with  comparison  B. 

For  both  types  of  ingot  the  longitudinal  segregation  of  carbon 
is  very  slight  along  the  O  positions,  while  for  the  M  positions,  or 
along  the  center  line  of  the  ingot,  it  is  quite  marked,  the  carbon 
being  greatest  at  A  near  the  top  of  the  ingot,  decreasing  to  the 
H-D  (or  M-E)  position,  and  rising  again  as  the  bottom  of  the  ingot 
is  approached.  The  results  given  are  for  the  three  types  of 
comparison  ingot,  but  for  this  effect,  the  type  of  ingot  appears  to 
be  less  important  than  for  other  factors. 

The  segregation  of  the  sink-head  ingots  and  of  the  three  groups 
of  ingots  made  with  small  end  uppermost  are  discussed  separately 
with  reference  to  influence  and  method  of  manufacture. 

(a)  Segregation  in  Sink-Head  Ingots. — ^The  sink-head  ingots 
were  of  "  piping  "  steel  deoxidized  with  aluminum.  Each  represents 
a  separate  heat  of  converter  steel. 

These  ingots  were  in  general  of  remarkable  imif ormity  as  regards 
segregation  (Table  1 5) ,  thus  showing  the  furnace  and  casting  prac- 
tice also  to  have  been  very  uniform.  At  the  A  test  piece,  9.1  per 
cent  below  the  top  of  the  ingot  on  the  average,  the  segregation, 
though  variable,  is  always  positive;  that  is,  the  carbon  content  of 
the  M  position  is  greater  than  that  of  the  O  position.     Fourteen  of 
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35  ingots  have  a  segregation  greater  than  1 2  per  cent  and  3  greater 
than  25  per  cent;  for  one  of  these  (Hi 3),  the  A  position  is  only  5.1 
per  cent  below  the  top  of  the  ingot  (Table  10). 

For  these  35  sink-head  ingots  the  discard  for  segregation  above 
1 2  per  cent  is  located  13  per  cent  (plus  or  minus  i  .86)  below  top  of 
ingot,  with  a  maximum  of  1 7.5  per  cent  and  a  minimum  of  5.1  per 
cent  (Tables  10  and  17). 

TABLE  15.— Percentage  Carbon  Segregation  in  Rails  from  Sink-Head  Ingots 


Incot 

Ridl 
A 

Rail 

B 

RaU  '  RaU 

C     1     D 

Rail 
B 

Incot 

Rail 
A 

Rail 

B 

Rail 
C 

Rail 
D 

Rail 

B 

HI 

13.02 
9.44 
11.65 
16.49 

-0.15 

.00 

-5.33 

4.83 

-3.75 
-2.67 
-3.89 
-3.82 

-4.59 
-6.77 
-7.42 
-3.41 

1.23 
-1.60 

-  .79 

-  .62 

-  .44 

2.78 

-  .60 
1.57 

-  .34 
3.09 

.32 

-  .57 
-2.79 

.30 
1.63 

-1.41 

3.29 

2.14 

.81 

1.73 

H21 

11.91 
2.67 
24.35 
21.94 
5.17 

34.16 
4.76 
26.77 
10.50 
15.57 

12.89 
3.83 
10.11 
10.33 
15.48 

1.66 

-  .75 

.77 

-2.26 

2.68 

.60 
1.38 
2.97 
3.58 
2.54 

2.95 
2.06 
6.75 
3.32 
2.37 

-0.75 

.31 

-1.69 

-2.88 

1.52 

-1.22 
.00 
-3.12 
-1.72 
-  .47 

.31 

-7.41 

-2.72 

-5.11 

2.54 

0.45 
-3.48 
-4.09 
-2.93 
-2.56 

-7.11 
-4.48 
-5.43 
-7.55 
-4.32 

-3.70 
-2.68 
-5.16 
-6.16 
-4.59 

2.61 

H2 

H22 

-  .30 

H3       

H23 

—1.42 

H4 

H24 

H25 

-4.55 

H5      

-1.29  j-i.30 

-1.73   -6.40 
-1.95   -  .15 
-  .15  1-5.20 

2.73 

H6 

9.25 
19.79 

3.34 
23.77 
20.63 

4.69 
2.16 
46.69 
2.48 
7.83 

13.93 
1.50 
5.20 
9.66 
1.04 

4.86 
.30 
1.68 
4.87 
2.17 

3.74 
1.44 
-3.11 
1.49 
4.08 

4.52 
4.75 
1.96 
2.85 
2.60 

H26 

.92 

H7 

H27 

3.09 

H8      

H28 

.16 

H9 

-1.12 
.31 

.32 
-2.41 
-4.35 

-6.20 
-4.54 

-5.16 
-6.52 
-1.27 

H29 

.49 

HIO 

H30 

—  .97 

HU 

H31 

.62 

H12 

H33 

.60 

H13 

H34 

-2.96 

H14 

.00   -4.32 
-4.63       1.18 

H35 

1.46 

H15 

H36 

—  .96 

-2.33 

1.22 

-  .30 

.00 

-1.96 

-9.74 
-5.33 
-3.46 
-7.28 
-5.07 

Average 

ADIMa 

H16 

+12.73 
7.48 

+2.32 
1.35 

-1.27 
1.68 

-4.48 
1.81 

+0.40 

H17 

1.42 

ms 

H19 

H20 

o  Average  deviation  from  mean. 

TABLE  16.— Percentages  Carbon  Segregation  in  Rails  from    Comparison   Ingots 


Incot 

RailA 

RailB 

RailC 

RaUD 

RailB 

RaUF 

Ml 

30.88 
30.39 
13.30 
20.17 
16.85 

16.51 
19.34 
2.51 
9.15 

7.17 
27.55 
9.63 
5.28 
3.37 

9.20 
5.07 
5.05 
5.38 

-8.80 

.31 

.96 

-8.23 

-1.25 

-4.98 

3.68 

.91 

.73 

-  .31 

-4.95 
-3.61 
-5.31 
-2.48 
-3.73 

-  5.07 

-  7.73 

-  5.79 
•   -  4.41 

-  7.61 

-  5.93 

-  3.44 

-  5.76 

-  8.27 

-  3.73 

-  8.69 
-11.00 

-  7.12 
-11.92 
-10.66 

-12.34 
-13.06 
-15.20 
-15.89 
-15.24 

-  3.71 

-  8.79 

-  6.65 

-  1.42 

-  4.41 

-n.78 

-11.68- 
-13.82 

-  8.62 
-11.09 

—13.45 

M2       

3.93 

Bf3 

4.44 

M4 

2.96 

Ms 

10.75 

M6 

.62 

M7 

.00 

M8 

.64 

M9 

-  5.91 

MlO             

Mil 

3.08 
32.52 

-  .87 
-1.61 
-1.98 
-6.26 
3.07 

-  1.16 

M12 

-  2.08 

M13        

-"  1. 47 

M14 

M» 

4.74 
.15 

.16 
2.61 

Average 

ADFMa 

+14.41 
7.53 

+5.00 
2.67 

-2.42 
2.35 

-7.14 
1.39 

-10.40 
1.57 

+  .27 
3.18 

o  Average  deviation  from  mean. 

At  A  the  average  segregation  is  +12.73  per  cent,  ±7.48;  at  B 
the  segregation  is  +2.32,  ±1.35,  with  only  4  negative  values;  at 
14603*»— 20 — 3 
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C  it  is  —1.27  per  cent,  ±1.66,  with  lo  positive  values;  at  D  it  is 
4.48  per  cent,  ±1.81,  with  only  2  positive  values;  and  at  E  only 
+0.40  per  cent,  ±1.42,  with  15  negative  values  (Table  15). 

(6)  Segregation  in  Comparison  Ingots,  (i)  Group  M1-M5 
{Heat  2X4497). — ^This  heat  has  no  altuninum  addition  in  molds, 
and  cast-iron  caps  were  put  on  the  tops  of  the  ingots  as  soon  as 
poiu-ed.  It  was  found  that  the  ingot  tops  were  rounded  after  the 
steel  had  solidified;  therefore,  they  were  made  of  rising  steel  not 
specially  deoxidized  in  the  mold.  The  ingots  were  stripped  20 
minutes  after  casting  and  remained  in  soaking  pits  from  2  hours 
and  ID  minutes  to  2  hours  and  23  minutes.  This  is  about  as  rapid 
handling  of  ingots  in  the  molds  as  it  is  possible  to  have,  although 
the  time  in  pits  could  have  been  lessened.  The  resulting  composi- 
tion and  segregation  is  strikingly  characteristic  of  their  history. 


TABLE  17.— Necessary  Total  Discard  (Percentage)  in  Rails  from  Sink-Head  Ingots  o 

it  was  ghrwi  m  sic6Mivo  bottoin  crop  dti6  to  onor  in  it 
r  tegrofitioiL   p— ditcard  lor  phyataJ  umaondnaw.] 


[H24  was  omitted,  a*  this  incot  was  given  an  eice«ive  bottom  crop  due  to  error  in  Jodgment  at  milL 
"*    Trdtorai  


Ingot  ttamt>er 


Top 


(P) 


Middle 

(P) 


Chemical 


Pliyrical 


Total 


m 

H2 

H3 

H4 

H6 

H7 

H8 

H9 

mo 

mi 

mz 

ma 

m4 

ms 

me 

m? 

ms 

m9 

H20 

H21 

H22 

H23 

H25 

H26 

H27 

H28 

H29 

H30 

H31 

H33 

H34 

H35 

H36 

Average.. 
Deviation. 


«16.2 
«12.3 
«13.9 

•  17.5 
«13.4 

«14.0 
«12.1 
«15.0 
«15.6 
«14.3 

plO.7 
«13.0 
«13.8 
«12.6 
«12.4 

p  9.1 
«13.9 
«11.8 
«14.0 
«14.6 

«11.S 
«10.6 
p  9.4 
«14.3 

•  9.7 

«13.8 
«16.8 
p  9.8 
p   8.8 

«12.5 
«14.4 
«11.6 
«15.9 


13.0 
1.86 


3.0 
2.5 
3.4 
3.4 
3.7 

3.7 
3.9 
4.2 
3.6 
3.7 

4.1 
3.8 
3.8 
3.3 
4.4 

4.0 
3.9 
3.6 
3.7 
3.6 

3.4 
4.3 
4.2 
3.8 
3.2 

2.7 
3.8 
4.3 
3.0 

4.6 
4.2 
4.0 
3.9 


1.8 
1.8 
2.6 
1.8 
1.9 

2.1 
2.4 
2.3 
2.0 
2.1 

2.1 
1.8 
1.9 
2.2 

1.7 

2.4 
2.4 
1.9 
2.1 
2.3 

1.8 
2.4 
2.3 
1.9 
2.5 

2.0 
2.0 
2.3 
1.6 

2.4 
1.9 
1.8 
1.9 


16.2 
12.3 
13.9 
17.5 
12.4 

14.0 
12.1 
15.0 
15.6 
14.3 


13.0 
13.8 
12.6 
12.4 


13.9 
11.8 
14.0 
14.6 

11.5 
10.6 


14.3 
9.7 


15.8 
16.8 


12.5 
14.4 
11.6 
15.9 


4.8 
4.3 
6.0 
5.2 
5.6 

5.8 
6.3 
6.5 
5.6 
5.8 

16.9 
5.6 
5.7 
5.5 
6.1 

15.5 
6.3 
5.5 
5.8 
5.9 

5.2 
6.7 
15.9 
5.7 
5.7 

4.7 
5.8 
16.4 
13.5 

7.0 
6.1 
5.8 
5.8 


21.0 
16.6 
19.9 
22.7 
18.0 

19.8 
1&4 
21.5 
21.2 
20.1 

16.9 
18  6 
19.5 
18.1 
18.5 

15.5 
20.2 
17.3 
19.8 
20.5 

16.7 
17..3 
15.9 

2ao 

15.4 

&5 
22.6 
16.4 
13.5 

19.5 
20.5 
17.4 
21.7 


3.7 


2.1 


11.5 


7.2 


18.4 


o  The  total  discard  (top.  middle,  and  bottom)  includes  the  discard  necessary  to  eliminate  piping  and 
segregation  atxyve  la  per  cent. 
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TABLE  18.— Necessary  Total  Discard  (Percentage)  in  Rails  from  Comparison  Ingots  » 


[«*diicard  for  Mgrecatton*   p— ditcard  for 
per  cent  tegregal 


1  unsoundness,  B,  B,  D  refer  to  rails  hiving  above  12 
or  having  inclosed  pipes.] 


Ingot  number 

Top 

Bottom 

Middle 

Chem- 
ical 

Phys- 
ical 

Total 

Ml 

«31.9 
«24.8 
«23.9 
«23.7 
«28.6 

p4.7 
P4.3 
p3.1 
p3.7 
P3.3 

«32.0B+D 
•  34.5B+B+D 
«34.4B+D 
«34.5B+D 

p»33.7B+D 

33I 

pTs 

p    1.3 
p    1.6 
p    1.1 

1.4 

p    1.6 

p  1.7 
bp  1.0 
bp  1.9 
bp    1.9 

1.6 

13.0 

63.9 
59.3 
58.3 
58.2 
62.3 

4.7 
4.3 
3.1 
3.7 
3.3 

68.6 

M2....              

63.6 

M3 

61.4 

M4 

61.9 

MS 

66.6 

Aven^ 

26.6 

3.4 

60.4 

3.8 

64.2 

M6 

«25.3 
«23.7 
«23.3 
«23.8 

p5.0 
p3.9 
P4.0 
P4.8 

25.3 
23.7 
23.3 
23.8 

6.5 
5.2 
5.6 
5.9 

31.8 

M7 

28.9 

M8 

28.9 

M9 

29.7 

Average 

24.0 

4.44 

24.0 

5.8 

29.8 

Mil .'-.. 

P29.0 
«19.8 
p39.5 
p28.2 
P27.4 

pS.l 
p5.0 
P4.1 
p4.6 
P4.8 

0 

19.8 
0 
0 
0 

35.7 
6.7 
44.6 
34.4 
34.1 

35.7 

M12 

26.5 

M13 

44.6 

M14 

34.4 

M15 

34.1 

Average 

26.8 

4.7 

4.0 

31.1 

35.1 

Average 

26.0 

±3.3 

3.8 

30.0 

14.1 

43.9 

Deviation.. 

o  The  total  discard  (top.  middle,  and  bottom)  includes  the  discard  necessary  to  eliminate  piping  and 
segregation  above  za  i>er  cent. 
o  Mz3  and  Mz4  omtain  trace  of  piping  in  B  position.    Mzs  has  a  small  pipe  at  P. 

The  top  of  the  ingot  is  characterized  by  high  and  variable 
segregation;  thus  the  total  top  discard  required  to  eliminate  seg- 
regation above  1 2  per  cent  ranged  from  23.7  to  31 .9  per  cent  for  the 
five  ingots,  as  compared  with  a  top  discard  of  2.6  to  9.3  per  cent 
to  the  physically  sotmd  steel ;  that  is,  free  from  pipe  (Tables  1 1  and 
1 8).  Within  this  range  of  discard  for  segregation,  however,  the 
segregation  in  a  single  ingot  varied  by  enormous  amoimts,  such  as 
26.52  to  94.62  per  cent  for  ingot  M2  and  —7.36  to  49.28  per  cent 
for  ingot  M5  (Table  20).  This  type  of  ingot  is  also  characterized 
in  all  cases,  by  high  negative  segregation  in  the  lower  portion  of  the 
ingot,  particularly  marked  at  the  E  position,  where  it  ranges  from 
- 12.34  per  cent  to  - 15.89  per  cent  (Table  16).  Except  for  Mi , 
at  the  bottom  of  the  ingot  F  position  ( - 13.45  P^  c^^t.  Table  16) , 
there  is  a  reversal  to  relatively  small  positive  segregation.  All  but 
M2  contain  a  well-marked  soft  streak  at  F,  the  bottom  of  the 
ingot,  and  in  the  case  of  M5  this  streak  incloses  a  pronoimced 
pipe  (Figs.  9  and  10).  The  total  material  that  should  be  dis- 
carded from  this  type  of  ingot  for  segregation  ranges  from  58.2 
to  63.9  per  cent  (Table  18).  Provision  should  be  made  for  a 
larger  bottom-bloom  crop  than  is  customary  to  eliminate  both 
segregation  and  piping  in  the  bottom  of  the  ingot.    The  bottom 
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rail  and  the  adjacent  one  from  every  ingot  of  this  group  (M1-M5) 
should  be  discarded  for  segregation.  The  bottom  rail  has  in  addi- 
tion elements  of  physical  weakness  shown  by  the  soft  steel  streaks 
which  may  inclose  pipes. 

(2)  Group  M6-M10  {Heat  1X3632). — ^The  ingots  of  this  heat 
had  roimded  tops  on  which  water  was  put  a  few  moments  after 
casting;  they  were  also  treated  while  bdng  cast  with  2  oimces  of 
aluminum  per  ton  of  steel.  They  were,  therefore,  of  rising  steel 
deoxidized  in  the  molds,  and  should  show  somewhat  greater  ten- 
dency to  piping  than  the  first  group;  this  is  borne  out  by  the 
results.  The  ingots  of  the  second  group  required  a  discard  aver- 
aging 8  per  cent  on  accoimt  of  pipe,  while  only  one  of  the  first  group 
required  a  discard  in  excess  of  this  aniotmt  (Table  11). 

With  respect  to  the  B,  C,  D,  E,  and  F  positions  for  this  group, 
the  segregation  is  relatively  low  (max.,  9.20  per  cent.  Table  16) 
and  uniform  from  one  ingot  to  another,  as  well  as  within  any  par- 
ticular ingot,  downward  from  the  B  position.  The  top  discard  for 
carbon  segregation  greater  than  1 2  per  cent  (in  O  and  M  positions) 
is  23.3  to  25.3  per  cent  (Table  18),  and  within  this  discard  the 
segregation  is  less  extreme  than  in  ingots  of  the  first  group,  the 
maximum  being  about  25  per  cent,  which  obtained  in  only  2 
positions  out  of  29  (Table  20) . 

(3)  Group  M11-M15  {Heat  2  X  4510) . — ^Two  oimces  of  aluminum 
per  ton  were  added  to  the  ingots  M11-M15  for  the  pmpose  of 
deoxidation.  The  ingot  tops,  which  were  flat  after  pouring  into 
molds,  were  not  chilled  with  caps  or  water.  These  ingots  were, 
therefore,  of  quiet,  piping  steel  and  apparently  more  nearly  ap- 
proach the  type  of  steel  represented  by  the  sink-head  ingots  than 
do  the  other  two  groups  of  comparison  ingots.  They  remained 
somewhat  longer  in  the  molds  (30  minutes  as  compared  with  20 
and  23  minutes)  before  stripping,  and  slightly  longer  in  the  soaking 
pits  than  the  other  comparison  ingots. 

The  considerable  piping  at  the  top  of  the  ingots  of  this  group 
is  very  strikingly  characteristic  of  the  above  open-hearth  and  casting 
practice.  The  carbon  segregation  in  the  upper  half  and  at  the 
bottom  of  this  type  of  ingot  is  slight,  but  there  is  tleveloped  nega- 
tive segregation  ranging  about  1 1  per  cent  at  the  D  and  E  posi- 
tions (Table  16).  In  contrast  to  the  other  two  types  of  Maryland 
ingot  the  extent  of  the  top  discard  is  determined  (Table  18), 
except  for  Mi  2,  which  shows  other  anomalies,  by  piping  (average 
discard  26.8  per  cent)  rather  than  by  segregation  (average  discard 
16.4  per  cent.  Table  22).     The  metallographic  examination  shows 
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a  small  pipe  in  rail  Mi  5  at  the  bottom  of  the  ingot  in  the  F  position, 
and  incipient  piping  in  Mi 3  and  M14  at  the  B  position. 

TABLE  19.— Percentage  Segregation  of  Carbon  in  the  "A"  Rails  of  Sink-Head  Ingots  a 


€ 


Diagram  of  cutttng  up  of  ••A"  rail  of  tlnk-head  Ingota 


Ingot 


CartMn 


W         'X 


m. 


H2. 


H3.. 


H4.. 


H7. 


H8. 


HIO.. 


Hll. 


H12. 


H13. 


H14. 


HIS.. 


H16. 


H17. 


Carbon/ SL* ' ' 
SegroX: 


Segrogatioii. 


Carboo/^Y 
Segregatloii. 


Segregatton.. 


CarbomSr' 
Segn^X 


Segregatton.. 
Segregation.. 


Segregation.. 


Segregation.. 


Carbon/^"' 
Segregation. 


Segregation.. 


c«b«i{Sf;;: 

Segregation.. 


0.632 
.902. 
42.72 

.610 
.967 
58.52 

.657 
.746 
13.55 

.605 
.719 
18.84 

.640 
.805 
25.78 

.630 
.727 
15.40 


0.649 
.789 
21.57 

.636 
.804 
26.42 

.670 
.708 
/  5.67 

.657 

.777 

18.26 

.641 
.697 
/  8.74 

.669 

.889 

32.88 


.649        .656 

.758        .690 

16.80     /  5.18 


.655 

.804 

22.75 

.661 

.727 

9.98 

.639 
.733 
14.71 

.700 

.743 

16.14 

.627 

.786 

25.36 

.655 

.839 

28.09 

.691 

.758 

9.70 

.685 

.776 

13.28 

.667 

.699 

/  4.80 


.662 

.742 

12.08 

.638 

.717 

12.38 

.643 
.674 
/  4.82 

.701 
.713 
1.71 

.645 

.739 

14.57 

.676 

.775 

14.64 

.692 

.819 

18.35 

.687 

.731 

/  6.40 

.675 

.705 

4.44 


0.647 

.732 

13.14 

.635 

.705 

/ 11.02 

.667 
.674 
1.05 

.654 

.767 

17.28 

.641 

.675 

5.30 

.647 

.715 

/  10.51 

.657 
.673 
2.44 

.642 
.686 
/  6.85 

.638 
.669 
/  4.86 

.638 
.637 
.16 

.695 

.712 

2.45 

.649 
.664 
/  2.31 

.692 
.711 
/  2.75 

.696 
.761 
/  9.34 

.693 

.689 

-  .58 

.669 
.686 
2.54 


0.650 
.683 
/  5.08 

.632 
.690 
9.18 

.653 

.682 

4.44 

.655 

.708 

/  8.09 

.643 

.676 

5.13 

.667 

.686 

2.85 

.659 
.661 
.30 

.639 
.658 
2.97 

.643 

.667 

3.73 

.636 

.653 

2.67 

.699 
.707 
1.14 

.657 
.667 
1.52 

.687 

.703 

2.33 

.693 
.725 
4.62 

.674 

.706 

4.75 

.657 

.688 

4.72 


0.658 
.673 
2.28 

.634 
.659 
3.94 

.657 
.673 
2.44 

.649 

.719 

10.79 

.6«4 

.674 

4.66 

.663 
.676 
1.96 

.654 
.662 
1.22 

.640 
.662 
3.44 

.653 
.667 
2.14 

.638 

.659 

3.29 

.712 

.702 

-1.40 

.642 

.658 

2.49 


.693 
1.46 

.689 
.719 
4.35 

.683 

.715 

4.69 

.659 
.670 
1.67 


0.648 
.674 
4.01 

.637 
.653 
2.51 


.656 

.691 

5.34 


.662 
.671 
1.36 

.657 

.664 

1.07 

.649 

.674 

3.85 

.643 
.660 
2.64 

.620 

.655 

5.65 


.651 

.666 

2.30 

.692 
.698 
.87 

.684 
.713 
4.24 


.659 
.687 
4.25 


0.647 
.673 
4.02 

.636 

.654 

2.83 


654 

.674 

3.06 


.661 
.669 
1.21 


.656 
.663 
1.07 

.682 
.696 
2.05 


o  The  rails  were  broken  at  about  s-foot  intervals  for  analysis  in  accordance  with  diagram  to  determine 
the  top  discard  necessary  to  eliminate  carbon  segregation  above  la  per  cent.    The  point  at  wludi  the 
tegregation  becomes  less  than  this  amount  is  indicated  by  "/"in  the  table. 
Q 

»Ha5ingot|c^»x«{M::    "?S 
ISegregation. .  18.98 
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TABLE  19— Percental  Segregation  of  Carbon  in  tlie  «A''  Rails  of  Sink-Head 

Ingots— Continued 


Incot 

Carbon 

R 

S 

T 

U 

V 

W 

X 

^^_- lO 

0.672 

.771 

14.73 

.634 

.732 

15.46 

.638 
.752 
17.87 

.676 

.809 

19.67 

.678 
.725 
/  6.93 

.644 

.790 

22.67 

.618 
.835 
35.11 

.596 
.633 
/  6.21 

.657 

.858 

30.59 

.655 

.722 

/ 10.23 

.642 
;749 
16.67 

.650 

.754 

16.00 

.626 
.681 
/  8.79 

.646 

.717 

/ 10.99 

.776 
.800 
18.34 

.659 

.823 

24.89 

.622 

.842 

35.37 

.634 
.796 
.25.55 

0.672 

.772 

14.88 

.631 

.701 

/ 11.09 

.661 
.686 
/  3.78 

.674 

.707 

/  4.90 

.671 
.680 
1.34 

.655 
.703 
/  7.33 

.628 

.791 

25.96 

.596 

.627 

5.20 

.665 

.760 

14.29 

.666 

.707 

6.16 

.645 

.746 

15.66 

.646 

.682 

/  5.57 

.637 

.666 

4.55 

.643 

.679 

5.60 

.675 

.729 

/  8.00 

.655 

.725 

/ 10.69 

.633 

.684 

/  8.06 

.642 

.722 

12.46 

0.672 

.712 

/5.95 

.635 

.655 

3.15 

.663 
.689 
3.92 

.680 
.708 
4.12 

.671 

.682 

1.64 

.646 

.673 

4.18 

.629 

.698 

/ 10.97 

.599 

.625 

4.34 

.658 
.714 
/  8.51 

.654 
.662 
1.22 

.657 
.689 

/  4.87 

.638 

.667 

4.55 

.631 
.662 
4.91 

.647 
.657 
1.55 

.679 

.702 

3.39 

.661 

.724 

9.53 

.639 
.677 
5.95 

.654 

.655 

/     .15 

0.662 

.692 

4.53 

.631 

.654 

3.65 

.660 
.684 
3.64 

.668 

.692 

3.59 

.674 

.688 

2.08 

.647 
.669 
3.40 

.626 
.657 
4.95 

.599 

.609 

1.67 

.665 
.685 
3.01 

.661 
.669 
1.21 

.647 

.673 

4.02 

.654 

.671 

2.60 

.636 

.661 

3.93 

.655 
.646 
-1.37 

.672 
.706 
5.06 

.665 

.723 

8.72 

.639 

.663 

3.76 

.640 

.666 

4.06 

0.676 
.669 
-1.04 

.632 

.656 

3.80 

.668 

.679 

1.65 

.679 

.697 

2.65 

.681 
.707 
3.82 

.644 

.665 

3.26 

H18 
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Carbon<|j^ 

Segregatkni 

^..fc^^/O.; 
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^^.w /O 

H22 
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^*»«»\M 

:::::::::::::::: 
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.591 

.609 
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.660 

.678 

2.73 

.650 
.656 
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.649 

.665 

2.47 

.644 

.058 

3.73 

.635 
.656 
3.31 

.658 
.668 
1.52 

.678 
.710 
4.72 

.656 
.707 
7.77 

.625 

.646 

3.36 

.648 
.649 
.15 

H25 
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.689 
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.643 
.666 

H26 
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.647 
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H28 
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.655 

2.83 
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A  striking  characteristic  of  this  group  (MH-M15)  is  the  free- 
dom from  segregation  in  the  A  position;  excluding  Mi 2  A  for 
which  the  segregation  is  32.52  per  cent,  the  average  for  the  others  is 
about  2  per  cent  segregation  at  the  A  position  (Table  16).  Mi 2 
also  possesses  the  following  irregular  segregation  characteristics: 
At  A  there  is  segregation  to  such  an  extent  that  the  steel  is 
hypereutectoid;  at  B,  a  narrow  hjrpereutectoid  streak  exists: 
at  C  there  is  the  same  structure  as  at  A;  and  again  at  D  a 
heavy  hypoeutectoid  streak. 

(c)  Segregation  op  Elements  Other  Than  Carbon. — In 
general,  it  might  be  expected  that  the  elements  sulphur  and 
phosphorus  would  follow  carbon  in  segregation  characteristics, 
and  that  manganese,  silicon,  chromium,  and  nickel  would  show 
little  or  no  segregation.  These  expectations  are  borne  out  in 
both  the  sink-head  and  comparison  ingots. 

Longitudinal  segregation  of  phosphorus  is  absent  for  the  O 
position  and  slight  for  the  M  position.  There  is  practically  no 
longitudinal  or  transverse  sulphur  segregation  in  the  sink-head 
ingots,  while  for  the  comparison  ingots  the  results  on  sulphur 
segregation  were  erratic  but  on  the  whole  follow  that  of  the  car- 
bon. For  the  elements  manganese,  nickel,  chromium,  and  silicon 
there  is  no  well-defined  segregation  within  the  ingot. 

7.  MECHANICAL  TESTS 

The  mechanical  tests  included  the  ordinary  drop  test  made  on 
the  first  5-foot  piece  below  the  top  of  the  ingot  showing  physically 
sotmd  steel.  For  the  Hadfield  rails  this  location  was,  in  all  but 
two  cases,  determined  by  the  jimction  of  sink  head  with  the  ingot 
proper.  The  5-foot  pieces  formed  by  cutting  up  the  A  rails  (also 
the  X  rail  from  the  comparison  ingots),  as  well  as  the  test  pieces, 
B,  C,  D,  E  (and  F  for  the  comparison  ingots),  were  examined  for 
hardness  (Brinell  and  sderoscope)  and  behavior  when  stressed 
in  tension. 

(a)  Method  op  Expressing  the  Results  op  Mechanical 
Tests. — It  was  thought  best  to  express  measurements,  such  as 
yield  point,  ultimate  tensile  strength,  elongation,  etc.,  in  terms  of 
the  average  and  average  deviation  from  the  mean.* 

When  using  the  usual  method  of  expressing  results  of  this  kind 
in  terms  of  maximum  and  minimum  values,  tmdue  emphasis  is 
placed  upon  the  occasional  widely  divergent  figure,  while  the  very 

The  deviatioo  d  a  tingle  obsenratioo  is  the  amount  by  whidi  that  observation  departs  from  the  mean 
or  average  value.  By  subtracting  each  observation  from  the  mean  without  regard  to  sign,  and  averaging 
these,  the  average  deviation  from  the  mean  is  obtained. 
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close  agreement  that  may  exist  is  not  brought  to  light.  Graphic 
plots  of  the  various  physical  properties  of  both  kinds  of  steel  will 
be  found  in  Figs.  13  to  17,  inclusive. 


TABLE  21.— Total  Top  Discard  Required  in  Sink-Head  Ingots^ 

Number 

Amoont 
of  rail 
to  cut 

RaUdia- 

Bloom 

Total  top 
diacard 
reQoiredt 
percent 
oftaigot 

Ingot 

Weight 
of  ingot 

Bloom 
crop 

Ran 
crop 

olS-foot 
plecea 
of  rail 

Length 
of  cut 

card,  per 
cent  of 
ingot 

crop  and 

raifdia- 

card 

Foonda 

Poonda 

Feet 

Feet 

Poonda 

Poonda 

HI 

5300 

190 

20 

667 

12.6 

857 

16.2 

H2 

5300 

155 

15 

500 

9.4 

655 

12.3 

H3 

5300 

205 

11 

16 

533 

10.1 

738 

13.9 

H4 

5350 

270 

20 

667 

12.5 

937 

17.5 

H6 

5300 

324 

10 

333 

6.3 

657 

12.4 

H7 

5250 

234 

15 

500 

9.5 

734 

14.0 

H8 

5300 

142 

10 

15 

500 

9.4 

642 

12.1 

H9 

5300 

294 

15 

500 

9.4 

794 

15.0 

mo 

5250 

320 

15 

500 

9.5 

820 

15.6 

mi 

5300 

325 

13 

433 

8.2 

758 

14.3 

H12 

5350 

204 

10 

10 

333 

6.2 

537 

10.0 

ma 

5300 

191 

15 

500 

9.4 

691 

13.0 

m4 

5300 

231 

15 

500 

9.4 

731 

13.8 

ms 

5300 

167 

15 

500 

9.4 

667 

12.6 

me 

5350 

199 

14 

467 

8.7 

666 

12.4 

m? 

5300 

145 

10 

10 

333 

6.3 

478 

9.0 

ms 

5300 

237 

15 

500 

9.4 

737 

13.9 

m9 

5300 

leo 

14 

467 

8.8 

627 

11.8 

H20 

5300 

27e 

14 

467 

8.8 

743 

14.0 

H21 

5300 

442 

10 

333 

6.3 

775 

14.6 

VDZ 

5250 

437 

5 

167 

3.2 

604 

11.5 

ma 

5350 

134 

13 

433 

8.1 

567 

10.6 

m4 

5300 

185 

19 

633 

11.9 

818 

15.4 

ms 

5300 

160 

10 

10 

333 

6.3 

493 

9.3 

me 

5300 

160 

18 

600 

11.3 

760 

14.3 

m? 

5300 

245 

8 

267 

5.0 

512 

9.7 

B2» 

5300 

233 

15 

500 

9.4 

733 

13.8 

m9 

5350 

566 

10 

333 

6.2 

899 

16.8 

H3D 

5300 

247 

8 

267 

5.0 

514 

9.7 

H31 

5300 

234 

7 

233 

4.4 

467 

8.8 

ms 

5300 

228 

8 

13 

433 

8.2 

661 

12.5 

H34 

5300 

195 

12 

17 

567 

10.7 

762 

14.4 

-BZS 

5300 

280 

10 

333 

6.3 

613 

11.6 

me 

5300 

342 

15 

500 

9.4 

842 

15.9 

o  The  above  discard  includes  amount  necessary  to  eliminate  pii>ing  and  segregation  above  la  per  cent 


TABLE  22.— Total  Top  Discard  Required 

in  Comparison 

Ingots^ 

brx 

Weight 
oftaigot 

Bloom 
crop 

RaU 
crop 

Number 
of  5-foot 

Length 
of  cut 

Amount 
ofraU 
to  cut 

RaU  dia- 
card, per 
cent  of 
taigot 

Bloom 
crop  and 
rail  dia- 
card 

Total  top 

diacard 

roQuiredi 

percent 

Vffaigot 

Poonda 

Poonda 

Feet 

Feet 

Potinda 

Poonda 

Ml 

7360 

183 

12 

65 

2167 

29.4 

2350 

31.9 

M2 

7030 

243 

8 

45 

1500 

21.3 

1743 

24.8 

M3 

7040 

185 

8 

45 

1500 

21.3 

1685 

23.9 

M4 

7130 

189 

8 

45 

1500 

21.0 

1689 

23.7 

M5 

7190 

223 

10 

55 

1833 

25.5 

2056 

28.6 

M6 

7340 

189 

9 

50 

1667 

22.7 

1856 

25.3 

M7 

7200 

205 

8 

45 

1500 

20.8 

1705 

23.7 

M8 

7260 

188 

8 

45 

1500 

20.7 

1688 

23.3 

M9 

7240 

225 

8 

45 

1500 

20.7 

1725 

23.8 

Mil 

7510 

664 

0 

5 

167 

2.2 

831 

11.1 

M12 

7340 

288 

6 

35 

1167 

15.9 

1455 

19.8 

M13 

7190 

490 

0 

5 

167 

2.3 

657 

9.1 

M14 

7320 

379 

6 

35 

1167 

15.9 

1546 

21.1 

M15 

7480 

236 

7 

40 

1333 

17.8 

1569 

21.0 

a  The  above  discard  includes  amount  necessary  to  eliminate  piping  and  aegregatioa  aSxuve  za  per  cent. 


Digitized  by 


Google 


Rails  from  Sink-Head  and  Ordinary  Ingots 


43 


(6)  Ultimate  Strength  and  Yield  Point. — ^The  ultimate 
strength  of  the  steel  in  rails  from  both  types  of  ingots  are  of  the 
same  order  of  magnitude,  about  125  000  pounds  per  square  inch. 
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Fio.  13. — Elastic  limit  of  ingots  of  both  types 


For  the  35  sink-head  ingots  the  nonuniformity,  expressed  as  the 
average  deviation  from  the  mean  for  values  at  the  A,  B,  C,  D, 
and  E  positions,  is  somewhat  greater  than  for  the  comparison 
ingots,  except  for  the  A  position,  at  which  the  results  are  erratic 
(Tables  13  and  14). 
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If  we  consider  the  ultimate  strength  throughout  the  length  of 
the  ingot,  we  note  for  the  sink-head  ingots  there  is  practical  imi- 
formity  down  to  the  E  position;  for  the  comparison  ingots,  on  the 


B 


Fig. 


CDC 
Position    in     In^ot 

-Uliimate  strength  of  ingots  of  both  types 


other  hand,  there  is  an  abrupt  increase  in  ultimate  strength  from 
the  A  to  the  B  position  and  a  gradual  falling  oflf  imtil  the  bottom 
of  the  ingot  is  reached,  so  that  at  the  F  position  the  ultimate  ten- 
sile strength  is  some  9000  pounds  per  square  inch  less  than  the 
maximtun  at  B. 
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K  the  comparison  ingots  are  considered  by  groups  corresponding 
to  heats,  it  is  seen  that  the  tdtimate  strength  of  each  group  may  be 
distinguished  from  the  others.     Thus  groups  M1-M5  and  M6-M10 


13 


C  D 

PoJiTion     10     )rvoo> 

Fig.  15. — Elongation  of  ingots  of  both  types 

run  closely  parallel  through  the  ingot,  with  M6-M10  having  slightly 
higher  ultimate  strength.  Group  M11-M15  is  characterized  by 
the  abnormally  high  value  (approximately  130000  pounds  per 
square  inch)  in  the  A  and  B  positions. 


Digitized  by 


Google 


46 


Technologic  Papers  of  the  Bureau  of  Standards 


The  yield  point  shows,  in  general,  characteristics  similar  to  the 
tiltimate  strength;  for  the  former,  however,  there  is  a  somewhat 
greater  imiformity  throughout  the  ingot  for  all  types,  and  also  for 


A  B  c  p 

POSITION      IN     INOOT 

Fig.  i6. — Reduction  of  area  of  ingots  of  both  types 

the  ingots  of  a  given  group.  The  sink-head  ingots  have  a  slightly 
higher  yield  point  (62  370  pounds  per  square  inch)  than  the  com- 
parison ingots  (61  370  potmds  per  square  inch).  For  the  three 
groups  of  the  latter  there  is  a  falling  oflf  throughout  the  length  of 
the  ingot  from  approximately  64  000  poimds  to  59  000  potmds  per 
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square  inch  (as  for  the  ultimate  strength) ,  while  for  the  sink-head 
ingots  the  yield  point  remains  practically  constant  throughout. 
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(c)  Eu)NGATiON  AND  REDUCTION  OF  Area. — ^The  distribution 
of  ductility,  as  measured  by  elongation  in  tension-test  pieces  from 
rails  through  the  length  of  the  sink-head  ingots,  is  somewhat  more 
uniform  than  for  the  comparison  ingots.  The  elongation  curves 
are  practically  the  reciprocal  of  the  tensile-strength  curves. 
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The  average  elongation  of  the  rails  from  the  sink-head  ingots 
is  13.8  per  cent,  of  the  comparison  ingots  13.6  per  cent;  the  reduc- 
tion of  area  for  the  former  type  of  ingot  is  24.38  per  cent,  for 
the  latter  type  it  is  25.78  per  cent,  with  a  range  of  21.73  P^r  ^^^t 
at  B  to  31 .68  per  cent  at  the  F  position.  There  are  also  consider- 
able differences  among  the  three  groups  of  comparison  ingots. 

(d)  Hardness. — ^The  scleroscope  hardness  numbers  do  not 
appear  to  have  any  significance  in  defining  any  differences  in 
qualities  or  properties  in  the  steel  of  the  several  ingots.  The 
material  from  the  sink-head  ingots  have  an  average  hardness  of 
31,  while  the  steel  from  ingots  cast  in  the  usual  manner  has  an 
average  hardness  of  32. 

The  Brinell  numerals  are,  as  would  be  expected,  fairly  closely 
proportional  to  the  ultimate  strengths,  and  they  appear  to  follow 
even  more  exactly  the  yield  points.  Whether  or  no  there  is  any 
definite  relation  between  carbon  segregation  and  Brinell  numerals 
appears  difficult  to  say.  The  holes  for  obtaining  drillings  for  the 
former  are  %  inch  in  diameter  and  not  always  exactly  coincident 
in  location  with  the  Brinell  impression.  In  a  general  way  one 
would  expect  the  two  to  bear  some  relation  to  each  other.  The 
rails  from  the  sink-head  ingots  had  an  average  Brinell  hardness 
of  260  (deviation  ±8),  while  the  rails  made  from  ingots  cast 
with  the  small  end  uppermost  without  sink  heads  had  a  Brinell 
hardness  of  250  (deviation  ±6). 

(e)  Drop  Tests. — In  the  drop  tests  blows  were  given  on  head 
of  rail  to  destruction,  the  deflection  was  measured  for  each  blow, 
the  elongation  for  each  inch  over  6  inches  and  the  total  elongation 
noted. 

The  drop-test  piece  was  taken  from  near  the  top  of  the  ingot, 
and  in  each  case  was  the  first  5-foot  length  of  rail  immediately 
after  reaching  physically  sound  steel;  that  is,  free  from  pipe  and 
in  the  case  of  the  rails  from  sink-head  ingots  also  below  the 
bottom  of  the  sink  head.  Of  the  14  comparison  rails  none  broke 
under  4  or  5  blows  (6  rails  were  nicked  and  broken  after  the  f oiuth 
or  fifth  blow),  while  for  the  35  Hadfield  rails  the  range  was  2  to  7 
blows,  there  being  9  requiring  4  blows,  and  4  requiring  3  blows; 
only  22,  or  63  per  cent,  of  the  rails  from  sink-head  ingots  withstood 
4  or  more  blows.  The  ductility  as  measured  by  the  deflection 
and  elongation  is  also  somewhat  greater  and  more  uniform  for 
the  comparison  rails. 

The  greater  uniformity  of  the  sink-head  over  the  com- 
parison ingots,  as  shown  in  nearly  all   other  mechanical  tests, 
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Fig.  8. — Rail  Mi-A  from  comparison  ingot 
Sulphur  print,  showing  extreme  segregation  in  rail  from  top  of  ingot.    X  i 
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b 
Flo.  8. — Rail  Mi-A  from  comparison  ingot  (cotUinued) 

Typical  microstructtire  of  the  metal  of  rail  Mi-A  at  ixsitions  indicated  in  sulphur 
print.    X  50,  reduced  from  X  100 

(a)  Moderately  finely  grained  hypereutectoid  steel,  i>earlite  with  a  trace  of  free 
cementite  and  many  sxnall  slas  inclusions 

(6)  Moderately  foiely  grained  hypoeutectoid  steel,  pearlite  with  a  thick  irregular 
ferrite  network 
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Fig.  9. — Rail  M^-Ffrom  comparison  ingot 
Sulphur  print,  showing  pipe  in  rail  from  bottom  portion  of  ingot  (P  position). 
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6 
Fro.  9. — Rail  M^-Ffrom  comparison  ingot  (continued) 

Typical  microstructurc  of  the  metal  of  rail  Ms-P  at  positions  indicated  in  the  sulphur 
print.    X  so,  reduced  from  X  xoo 

(a)  Structure  at  the  edge  of  a  pronotmced  pipe,  consisting  of  eutectoid  steel  oon- 
tutnttnitprf  with  slaK  and  border^  by  a  layer  of  hypoeutectoid  metal 

(6)  Moderately  finely  grained  metal,  consisting  of  pearlite  with  a  trace  of  ferrite. 
and  containing  some  slag  intrusions 
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Fig.  10. — Rail  M^-Ffrotn  comparison  ingot 
SvJptkux  print,  showing  soft  streak  in  web  at  P  position  (bottom  of  ingot).    X  i 
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Fig.  10. — Rail  M4-Ffrom  comparison  ingot  (continued) 

Typical  microstructure  of  the  metal  of  rail  M4-F  at  the  positions  indicated  in  the 
sulphur  print.    X  50,  reduced  from  X  xoo 

(a)  Streak  of  soft  metal  in  the  web,  consisting  of  pearlite  crystals  surrounded  by 
wdl  devekiped  f  errite  envelopes 

(&)  Moderately  finely  grained  metal  consisting  of  pearlite  and  a  trace  of  ferrite 
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Fig.  1 1 . — Rail  H16-A  from  sink-head  ingot 
Sulphur  print,  showing  slight  segregation  in  upper  part  of  ingot  (A  position).    X  i 
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Fig.  II. — Rail  Hi6-Afrom  sink-head  ingot  {continued) 

Typical  microstructure  of  the  metal  of  rail  Hi 6- A  at  positions  indicated  in  the 
sulphur  print.    X  50,  reduced  from  X  100 
(a)  Eutectoid  metal  comprising  a  slightly  segregated  streak  in  the  web  of  the  rail 
(6)  Average  finely  grained  structure,  pearlite  with  a  trace  of  ferrite 
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Fig.  12. — Rail  H 16-E from  sink-head  ingot 

Sulphur  print,  showing  sound  steel  in  rail  from  bottom  of  ingot  (E  position).    X  i.    The  rail  is 

homogeneous 
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Fig.  12. — Rail  Hi6-Efrom  sink-head  ingot  {continued) 

Typical  microstructure  of  the  metal  of  rail  Hi6-£  at  the  poaitions  indicated  in  the 
sulphur  print.    X  50,  reduced  from  X  xoo 

(a)  Moderately  miely  grained  metal  showing  a  thidc  ferrite  network 

(b)  Finely  gramed  metal,  pearlite  with  a  ferrite  network 
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in  less  segregation,  greater  homogeneity  as  shown  by  sulphur 
prints  and  etching,  less  amotmt  and  variability  in  discard  to  sound 
steel,  suggests  that  the  question  of  the  significance  and  interpre- 
tation of  the  drop  test  may  well  be  raised  with  propriety.  The 
greater  ductility  and  more  uniform  behavior  under  the  drop 
test  of  the  steel  from  the  comparison  ingots  would  appear  to  be 
due  more  to  the  chemical  composition,  and  especially  to  the 
nickel  and  chromium  content  of  this  Mayari  steel,  than  to  any 
factor  traceable  to  manufactiu-e,  which  in  the  case  of  the  com- 
parison ingots  is  seen  to  divide  them  sharply  into  three  groups 
of  very  distinct  physical  characteristics — each  a  heat — which 
fact,  the  drop  test  is  unable  to  reveal. 

8.  IfETALLOGRAPmC  TESTS 

The  metallographic  tests  throw  additional  light  on  the  ques- 
tion of  segregation  and  soundness,  and  especially  with  reference 
to  the  presence  of  slag  inclusions,  streaks,  and  seams.  They 
also  furnish  evidence  as  to  the  imiformity  of  the  operations  in 
the  rolling  mill,  although  there  appears  also  to  be  a  distribution 
of  structure  for  each  ingot  characteristic  of  its  manufacturing 
processes  preceding  the  rolling. 

The  smoothness  and  evenness  of  tone  of  the  sulphur  prints  of 
all  rail  sections  from  the  Hadfield  sink-head  ingots,  which  are 
characteristic  of  the  lot  (Figs.  11-12),  even  from  sections  in  the 
drop-test  portion  near  the  top  of  the  ingot,  is  in  striking  contrast 
to  the  markedly  irregular  sulphur  prints  from  comparison  rails 
(Fig.  8) ,  except  for  a  few  below  the  center  of  some  of  these  ingots. 
Most  of  the  rails  from  the  Maryland  ingots  show  very  pronounced 
irregularities  in  terms  of  the  sulphur  prints,  some  of  them  from 
the  bottom  of  ingot  showing  well-defined  pipes  (Figs.  9  and  10). 

As  to  the  microstructure  of  the  steel,  here  again  the  sink-head 
ingots  show  much  the  greater  uniformity.  This  is  especially 
true  for  the  upper  portions  of  the  ingot,  where  differences  would 
be  expected. 

The  parallelism  of  segregation  and  type  of  structiu-e  is,  m 
general,  very  close.  Thus  in  the  extreme  top  portion  of  the  ingot 
there  appears  a  fine-grained,  hypereutectoid  structiu-e  in  the 
segregated  area.  The  main  differences  in  structure  across  the 
section,  except  for  these  extreme  cases  accompanying  marked 
segregation,  are  usually  limited  to  differences  in  grain  size, 
pearlite  with  a  ferrite  network,  the  smaller-sized  grain  accom- 
14603^—20 4 
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panjring  the  higher  carbon.  This  is  the  predominant  charac- 
teristic of  the  microstructure  of  the  rails  from  the  sink-head 
ingots. 

The  rails  from  the  comparison  ingots  have,  below  the  segregated 
area,  about  the  same  structural  characteristics  as  those  from 
the  sink-head  type,  except  that  for  many  of  them  the  ferrite  net- 
work is  less  pronounced  and  in  some  cases  almost  absent.  The 
rolling  and  finishing  temperatures  of  the  ingots  were  not  widely 
different  and  do  not  appear  to  play  any  considerable  r61e  in  deter- 
mining differences  of  structure.  The  manganese  content,  usually 
somewhat  higher  in  the  Hadfield  ingots,  apparently  tends  to  ac- 
centuate the  sharp,  definite  boundaries  of  ferrite  surrounding  the 
pearlite  grains.  A  niunber  of  typical  photomicrographs  are 
shown  in  Figs.  8-i  2,  inclusive. 

9.  EXAKIIf  ATION  OF  SPLIT  INGOTS  AND  BLOOMS 

(a)  Sink-Head  Ingot  H37. — Sink-head  ingot  H37  was  cut  in 
halves  at  Sheffield  and  Sir  Robert  Hadfield  reports: 

The  wbole  of  this  ingot  could  be  worked  into  rails  after  cutting  off  10  per  cent 
discard.  The  ingot  is  perfectly  sound  and  represents  the  average  quality  of  the 
whole  of  the  36  ingots  sent  to  be  rolled  into  rails. 

The  capacity  of  the  sink-head  cavity  of  this  ingot  was  8125  cubic  centimeters,  and 
the  percentage  of  settling,  by  weight  in  pounds— that  is,  of  the  total  weight  of  the 
ingot — ^was  2.58  per  cent.  The  weight  of  the  material  which  passed  from  the  head 
portion  into  ^e  ingot  itself  was  about  130  pounds.  This  ingot  was  selected  because 
it  showed  the  lowest  cavity  percentage;  ,namely,  2.58  per  cent. 

(6)  Sink-Head  Ingot  H32. — Sink-head  ingot  H32  was  cut  in 
halves  at  the  Bureau  of  Standards.  A  photograph  of  a  sulphur 
print  of  a  longitudinal  half  section  of  the  ingot  is  shown  in  Fig. 
7.  In  Figs.  18-21,  inclusive,  are  shown  the  location  of  drill  holes 
for  chemical  analyses  of  this  ingot,  as  well  as  the  results  of  the 
analyses.  Only  carbon,  phosphorus,  silicon,  and  sulphur  surveys 
were  made,  as  the  rail  analyses  indicated  that  there  was  no  appre- 
ciable segregation  of  manganese  in  similar  ingots.  The  results 
obtained  indicate  that  with  about  9  per  cent  discard,  steel  free 
from  piping  and  appreciable  segregation  is  obtained.  Carbon 
showed  a  high  degree  of  segregation  (0.68  to  1.13  per  cent),  but 
as  will  be  noted,  this  is  confined  to  the  extreme  upper  portion  of 
the  ingot.  The  high  carbon  content  at  this  point  is  probably  due 
to  the  fact  that  the  steel  in  the  top  part  of  the  ingot  absorbed 
carbon  from  the  charcoal  used,  together  with  air  blast,  to  keep 
the  ingot  hot  on  its  upper  siuiace  while  cooling.  Phosphorus, 
silicon,  sulphiir,  and  manganese  are  remarkably  imiform  in  this 
sink-head  type  of  ingot. 
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centage of  carbon 
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Fio.  19.— Section  0/  Hadfield  split  ingot  No.  32,  showing  per- 
centage of  phosphorus 
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Fig.  20. — Section  of  Hadfield  split  ingot  No,  J2,  shomng  per- 
centage of  silicon 
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Fig.  20.— S^cfion  of  Hadfield  spUt  ingot  No,  32,  shomng  per- 
centage of  silicon 
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(c)  Sink-Head  Ingot  H5  and  Comparison  Mio  Top  Bixkdms. — 
The  top  blooms  from  ingots  H5  and  Mio  were  split  longitudinally 
at  the  Bureau  of  Standards  and  one  half  of  each  used  for  sulphur 
prints  (Figs.  5  and  6)  and  the  other  half  of  each  for  a  chemical 
survey  (Figs.  22  and  23)  of  carbon,  phosphorus,  silicon,  and 
sulphur  segregation. 

As  in  the  case  of  the  sulphur  prints  from  the  rails,  the  sulphur 
print  from  the  bloom  of  the  sink-head  ingot  is  of  even  tone,  while 
the  comparison  bloom  shows  decided  irregularities  (Figs.  5  and  6). 
In  addition,  the  latter  bloom  has  an  inclosed  pipe  some  12  per 
cent  below  the  top. 

The  chemical  siurvey  shows  the  Hadfield  bloom  to  be  very 
uniform.  The  maximum  carbon  is  0.90  per  cent,  and  this  is  only 
4  per  cent  from  the  top  of  the  ingot.  The  comparison  bloom, 
according  to  chemical  analyse,  is  also  quite  uniform  except  for 
the  sulphur  content,  which  is  very  irregular.  This  element 
attains  a  maximimi  of  0.166  per  cejit  at  a  distance  of  12  per  cent 
from  the  top,  while  it  is  as  high  as  0.12  per  cent  at  a  distance  of 
21  per  cent. 

10.  SPECIAL  NICKEL  CHROMinM  SINK-HEAD  INGOT 

A  special  sink-head  ingot,  of  the  same  dimensions  and  type  as 
the  other  sink-head  ingots  but  containing  chromitun  and  nickel 
was  rolled  into  rails  so  as  to  permit  more  accurate  comparison 
with  the  ingots  cast  in  the  ordinary  manner.  The  latter  naturally 
contain  small  amounts  of  nickel  and  chromium  from  the  Mayari 
ore  from  which  the  product  was  made. 

The  mechanical  and  chemical  properties  of  the  five  rails  from 
this  special  ingot  (H38)  are  given  in  Table  23.  It  will  be  observed 
that  the  )deld  point  (70  791  potmds  per  square  inch),  the  ultimate 
tensile  strength  (143  025  poimds  per  square  inch),  and  the  Brinell 
hardness  (292)  are  greater,  while  the  elongation  (11. 3  per  cent) 
and  reduction  of  area  (19.06  per  cent)  are  less  than  those  of  the 
average  sink-head  ingot.  Under  the  drop  test  the  rails  from  this 
ingot  behave  similarly  to  the  comparison  ingots. 

From  the  standpoint  of  composition  the  steel  from  this  ingot 
differs  from  that  of  the  average  sink-head  ingot  in  that  it  is  of 
higher  carbon  (0.73  per  cent)  and  lower  phosphorus  (0.016  per 
cent)  and  sulphur  (0.018  per  cent) ;  also  in  that  it  contains  small 
amotmts  of  nickel  (0.19  per  cent)  and  chromiiun  (o.ii  per  cent). 

It  was  necessary  to  discard  17.6  per  cent  of  this  ingot  because 
of  pipe,  as  against  9.1  per  cent  for  the  average  sink-head  ingot. 
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TABLB  23.— Mechanical  and  Chemical  Properties  of  the  Special  Sink-Head  (Nickel 

and  Chromium)  Ingot 


Teniioii  testa 

Hardnesi 

Ridl 

Yield  point 

Ultimate 
■trengtli 

Elongation, 

per  cent  in 

aindiea 

of  area 

BrineU 

H38-A 

Lbe./i]i.« 
70   030 
70    700 

70  950 

71  445 
70    830 

Lbc/in.s 

142  725 

143  400 
143    450 
143    300 
142    250 

12 

11 

12 

11.5 

10 

Perctot 

18.79 
18.59 
18.54 
18.38 
21.00 

274 
298 
318 
283 
287 

33 

H38-B 

32 

H38-C 

29 

H38-D 

33 

H38-E 

31 

Aterage 

70    791 

143    025 

11.3 

19.06 

292 

32 

Rerotti  ef  chemical  uulyiie  at  ••O";  per  cent 

Ridl 

Carbon 

Bin 

P 

Si 

S 

Nl 

Cr 

O 

M 

Seg. 

H38-A 

0.741 
.731 
.728 
.734 
.731 

0.741 
.729 
.735 
.726 
.730 

0 

-0.27 

•.96 

-1.09 

-  .14 

0.91 
.95 
.93 
.94 
.96 

0.024 
.027 
.026 
.027 
.025 

0.179 
.177 
.179 
.185 
.180 

0.018 
.019 
.018 
.018 
.019 

0.19 
.19 
.19 
.18 
.19 

0.10 

H38-B 

.10 

H38-C 

.12 

H38-D 

.10 

iSSt::::::::::::::: : 

\l 

Average 

.733 

.732 

-  .11 

.94 

{pjk 

.180 

.018 

io 

n 

IV.  SERVICE  OF  RAILS  FROM  THIS  INVESTIGATION 

The  Pennsylvania  Railroad,  through  A.  W.  Gibbs,  reports  as 
follows  on  the  service  of  the  rails  from  the  earlier  investigation  • 
and  from  the  present  one: 

In  January,  1915,  the  Maryland  Steel  Co.  shipped  free  for  test  5  No.  i  33-ftx)t  P.  S. 
100-pound  open-hearth  steel  rails  rolled  from  ingots  furnished  by  Sir  Robert  Hadfield 
to  the  Bureau  of  Standards.  These  rails  were  laid  in  the  Eastward  freight  track  on 
Horseshoe  Curve,  January  20, 1915,  and  removed  May  15, 1915.  The  average  abrasion 
of  the  Hadfield  rails  was  1.16  square  inches  and  that  of  the  ordinary  rail  0.78  square 
inch.    None  of  these  rails  failed. 

In  September,  1915,  the  Maryland  Steel  Co.  rolled  46  No.  i  and  61  No.  2  P.  S. 
loo-pound  rails  (0.33  track  mile)  from  imported  Hadfield  sink-head  ingots  and  at  the 
same  time  rolled  53  No.  i  and  4  No.  2  P.  S.  loo-pound  rails  (a  18  track  mile)  from  its 
own  ingots  for  comparison.  The  46  No.  i  Hadfield  and  53  No.  i  Maryland  special  rails 
were  laid  November  26,  1915,  in  the  Eastward  passenger  and  tei^t  track  on  the  5^ 
30^  curves  between  Spruce  Creek  and  Union  Furnace,  Middle  Divisicm,  and  removed 
October  23,  1916.  the  61  No.  2  Hadfield  and  4  No.  2  Mar^^and  ^lecial  rails  were 
laid  on  a  2^  cturve  in  the  Eastward  Low  Grade  track,  Philadelphia  Division,  west  of 
M.  P.  69,  and  are  still  in  track.  The  average  abrasion  of  the  No.  i  Hadfield  rails  was 
0.42  square  inch;  that  of  the  Maryland  special  rails  0.37.  The  rail  on  Low  Grade 
was  still  in  track  October  31,  1919;  abrasion  was  then  16.1  per  cent  for  Hadfield  and 
9.7  per  cent  for  Maryland  special. 

There  have  been  no  failures  of  Hadfield  rails  or  of  the  Maryland  specials. 

There  is  evidently  no  economy  in  the  Hadfield  process  as  regards  wear,  and  it 
would  require  a  much  more  extended  trial  to  determine  the  relative  freedom  from 
failure. 
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Fig.  22.— Sections  of  top  bloom  from  Hadfield  ingot  Hs,  showing  chemical  analysis  of 

various  positions 
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The  Maryland  rails  may  owe  their  less  abrasion  to  their  content 
of  nickel  and  chromium.  It  would  appear  to  be  imf  air  to  draw  any 
general  conclusions  as  to  performance  in  service  from  so  few  rails 
as  this  investigation  furnished,  although  it  would  not  be  expected 
that  the  Hadfield  type  of  sink-head  ingots  would  furnish  any  rails 
showing  structural  defects. 

V.  SUMMARY  AND  CONCLUSIONS 

The  object  of  this  investigation  was  to  determine  the  relation 
of  ingot  practice  to  the  properties  of  rails  from  such  ingots,  and  in 
particular  the  amount  of  total  discard  necessary  to  obtain  rails 
free  from  piping  and  segregation  above  1 2  per  cent  which  had  been 
rolled  from  steel  made  in  accordance  with  vaiying  melting,  casting, 
and  ingot  practices. 

To  that  end,  35  ingots  made  by  the  converter  process  at  Had- 
field's,  Sheffield,  England,  and  cast  by  the  sink-head  process  with 
large  end  uppermost  were  shipped  to  Sparrows  Point,  Md.,  and 
rolled  into  rails  in  comparison  with  15  rail  ingots  made  in  the 
ordinary  manner  with  the  small  end  uppermost.  Each  sink-head 
ingot,  of  5300  potmds  weight,  and  deoxidized  with  alumintun  in  the 
mold,  represented  a  separate  heat  of  converter  steel,  and  all  the 
heats  and  ingots  were  made  in  the  same  manner.  The  composition 
and  properties  of  these  ingots  were  of  remarkable  imiformity.  The 
comparison  ingots,  of  7300  pounds  each,  were  from  3  separate  open- 
hearth  heats,  an  intentional  variation  being  made  in  the  open- 
hearth  and  casting  practice  for  each.  Five  ingots  were  selected 
from  each  of  these  3  heats.  Thus  in  reality,  comparison  was  made 
of  4  different  kinds  of  steel,  of  very  nearly  the  same  composition 
and  physical  properties  and  of  two  types  of  ingot  form. 

The  comparison  was  made  by  rolling  most  of  the  ingots  into  rails 
and  taking  test  specimens  at  each  rail  cut,  as  well  as  from  a  con- 
siderable portion  of  the  upper  part,  in  5-foot  steps,  of  the  rail  bar 
from  each  ingot.  In  this  way  there  was  obtained  a  detailed  physi- 
cal, chemical,  and  metallographic  survey  of  each  ingot,  and  it  was 
possible  to  exactly  delimit  the  regions  of  sound  and  homogeneous 
from  those  of  unsound  and  segregated  steel.  Two  complete  sink- 
head  ingots  were  cut  longitudinally  and  examined,  as  well  as 
representative  blooms  from  both  sink-head  and  ordinary  ingots. 

The  results  obtained  indicate  a  decided  superiority  of  the  sink- 
head  ingots  over  the  comparison  ingots  as  made  of  three  grades 
of  steel  (Tables  17  and  18),  although  the  sink-head  ingots  suffered 
from  the  disadvantage  of  having  gone  cold  before  rolling.    The 
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Hadfield  type  of  ingot  required  a  total  discard  of  only  18.4  per 
cent  on  the  average  (13  per  cent  top  discard  to  eliminate  piping  and 
segregation  above  1 2  per  cent)  while  the  average  ingot  of  the  ordi- 
nary tjrpe  for  rails  required  a  total  discard  of  43.9  per  cent  (26 
per  cent  top  discard),  with  great  variations  dependent  upon  the 
furnace  and  ingot  practices. 

The  comparison  ingots  from  heat  M1-M5  of  nondeoxidized 
rising  steel,  chilled  on  top  of  ingot  by  cast-iron  caps,  required 
excessive  discard  to  eliminate  positive  segregation  at  the  top  and 
negative  segregation  at  the  bottom  of  the  ingot,  the  latter  often 
accompanied  by  dangerous  inclosed  pipes. 

The  second  heat  (M6-M10)  made  of  rising  steel  deoxidized  with 
aluminum  in  the  molds;  the  ingot  tops  of  which  were  cooled 
with  water,  required  the  least  total  discard  of  the  three  heats. 
It  was  more  subject  to  piping  and  less  to  segregation  than  the  first 
heat  of  ingots  made  in  the  usual  manner. 

The  third  heat  (M11-M15)  made  of  quiet  or  "killed"  steel,  was 
not  chilled  on  top  with  water  or  caps,  and  was  deoxidized  with 
aluminum  in  the  molds.  The  ingots  of  this  heat  required  an  inter- 
mediate amount  of  total  discard  when  compared  to  the  first  and 
second  heats;  this  heat  was  the  only  one  for  which  a  greater  top 
discard  was  required  to  eliminate  piping  than  to  eliminate  segre- 
gation above  12  per  cent.  One  of  the  ingots  of  this  third  heat 
contained  a  small  pipe  at  the  bottom,  and  all  the  rails  from  the 
middle  and  bottom  of  the  ingots  showed  high  negative  segregation. 

The  variation  of  physical  properties  throughout  the  length 
of  each  ingot  is  characteristic  not  only  of  the  type  of  the  ingot,  as 
sink-head  or  ordinary,  but  also  of  the  state  of  the  steel  when  cast 
and  of  the  ingot  practice. 

It  has  been  estabUshed  in  the  foregoing  that,  after  removal  of 
the  top  discard  of  13  per  cent,  the  Hadfield  type  of  sink-head  ingot 
is  free  from  piping  and  undue  segregation.  The  ordinary  type 
of  ingot,  cast  small  end  up  without  sink  head,  as  is  usual  for  rail 
ingots,  requires  an  average  top  discard  of  26  per  cent,  and  the 
remainder  of  the  ingot  is  liable  to  contain  inclosed  piping  and 
excessive  segregation.  Defective  rails,  from  the  middle  and  bot- 
tom portion  of  the  ingot,  are  not  detected  with  certainty  by 
means  of  the  test  for  existing  rail  specifications,  and  as  a  result  of 
this  uncertainty  rails  containing  pipes  or  excessive  segregation  may 
get  into  service  with  disastrous  results. 
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The  surface  condition  of  the  rails  from  the  sink-head  ingots  was 
not  as  good  as  that  of  the  ordinary  ingots,  but  this  is  not  con- 
sidered an  essential  characteristic  of  rails  from  such  ingots. 

The  markedly  differing  characteristics  of  the  three  heats  of 
comparison  ingots  lead  one  to  raise  the  question  whether  or  not  it 
might  be  advisable  to  specify,  at  least  in  some  degree,  the  methods 
of  steel  manufacture  or  of  ingot  practice  for  rails  and  similar 
products  on  which  the  safety  of  the  traveling  public  depends 

While  it  is  not  claimed  that  the  use  of  the  sink-head  process 
for  the  manufactiwe  of  ingots  will  solve  all  rail  problems,  it  is 
maintained  that  its  adoption  would  be  a  step  in  the  right  direction 
in  view  of  the  present  heavy  casualties  and  property  losses  on 
American  railroads.  The  necessary  changes  in  mill  operations,  it 
is  believed,  could  be  made  without  too  great  diflficulties. 

The  service  results,  showing  no  failures  to  date,  in  the  few  rails 
of  this  investigation  can  not  be  considered  conclusive  one  way  or 
another. 

It  would  be  of  the  greatest  practical  importance  in  tracing 
statistically  the  origin  of  rail  failures,  if,  in  the  reports  to  the  rail 
conmiittee  of  the  American  Railroad  Engineering  Association,  they 
be  grouped  with  reference  to  their  position  in  the  ingot,  and  in  ad- 
dition the  steel  manufacturing  process  be  reported,  at  least  briefly 
by  such  notations  as  rising  steel  capped  with  plates;  quiet  steel 
deoxidized  with  x  ounces  of  aluminum  per  ton,  etc.  If  then  it  be 
fotmd,  for  a  giveii  kind  of  steel,  there  is  a  greater  or  less  tendency 
for  certain  types  of  failiwe  to  predominate  or  to  exist  in  certain 
definite  regions  in  the  ingot,  corrections  could  then  be  made  intel- 
ligently in  the  manuf  acttmng  process.  The  results  of  the  present 
investigation  indicates  very  strongly  that  one  should  expect  the 
foiu-  types  of  steel  and  two  types  of  ingot  examined,  in  view 
of  their  sharply  differing  characteristics,  to  behave  differently  in 
service. 

Washington,  June  7,  1920. 
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I.  INTRODUCTION 

The  daily  advances  in  the  variety  and  number  of  applications 
of  electric  welding  bespeak  the  continually  increasing  industrial 
importance  of  this  method  of  joining  and  repairing  metals.  Of 
the  two  forms  of  electric  welding  in  common  industrial  use,  the 
arc-fusion  method  is  of  far  more  general  application  than  is 
electrical-resistance  welding;  arc  welding,  as  is  evident  from  its 
nature,  can  be  applied  in  a  multitude  of  ways  to  as  many  different 
welding  projects,  while  the  second  method,  which  depends  upon 
the  contact  resistance  of  the  two  parts  which  are  to  be  joined 
together,  finds  its  greatest  applications  in  "repeat*'  welding. 

Resistance  welding  is  closely  related  to  the  familiar  weld  of  the 
smith's  forge  in  that  the  two  surfaces  to  be  joined  are  heated  to 
the  welding  temperature,  the  electric  current  being  the  source  of 
the  necessary  heat,  and  then  pressed  into  intimate  contact  while 
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hot.  The  prmciple  of  arc  welding,  however,  is  very  dififerent; 
the  two  parts  are  joined  together  by  fusion,  the  fused  metal  being 
supplied  from  an  outside  source  rather  than  from  the  parts  which 
are  to  be  welded.  Often  the  addition  of  a  very  considerable 
amotmt  of  metal  is  necessary,  which  metal  is  supplied  by  the 
fusion  accomplished  by  means  of  the  heat  of  the  electric  arc.  A 
layer  of  considerable  thickness  often  exists  between  the  two 
parts  joined  together. 

n.  AIM  OF  THE  INVESTIGATION 

The  application  of  arc  welding  in  the  shipbuilding  industry  is 
one  of  the  most  important  and  extensive  applications  which  has 
as  yet  been  proposed  for  this  method.  During  the  year  1918,  at 
the  request  of  and  with  the  cooperation  of  the  Welding  Research 
Subcommittee  of  the  Emergency  Fleet  Corporation,  an  extensive 
program  was  outlined  by  the  Bureau  of  Standards  for  the  study 
of  this  type  of  welding.  The  principal  object  of  the  research  was 
to  determine  in  an  empirical  way  by  actual  welding  tests  carried 
out  by  skilled  operators  the  relative  values  and  merits  of  the 
different  types  of  electrodes  or  welding  pencils  which  are  avaUable 
commercially.  Due  to  changed  conditions,  however,  at  the  close 
of  the  year  191 8  the  original  program  was  modified  and  shortened 
very  considerably.  The  results  of  the  investigation  here  given 
relate  princif>ally  to  the  nature  and  characteristic  properties  of 
the  weld,  and  in  particular  those  of  the   *fused-in**  metal. 

In  drawing  up  the  modified  program  it  was  decided  to  make 
the  study  of  the  characteristic  properties  of  the  '*fused-in"  metal 
the  primary  object  of  the  investigation,  the  study  of  the  merits  of 
the  different  types  of  electrodes  being  a  secondar\'  one.  Since 
the  metal  of  any  weld  produced  by  the  electric-arc  fusion  method 
is  essentially  a  casting  because  there  is  no  refinement  possible  as 
in  some  of  the  other  methods,  it  is  apparent  that  the  eflSciency 
of  the  weld  is  dependent  upon  the  prop>erties  of  this  arc-fused 
metal.  Hence  a  knowledge  of  its  properties  is  of  fimdamental 
importance  in  the  study  of  electric-arc  welds. 

Though  the  results  obtained  throughout  the  entire  series  of 
examinations  are  not  so  conclusi\-e  as  might  be  desired,  it  is 
belieN'ed  that  they  contribute  \-er\'  materially  to  our  knowledge 
of  tlie  properties  of  the  'fused-in"  metal,  which  conditions  the 
serviceability  of  the  electric-arc  weld. 
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ni.     PRELIMINARY     EXAMINATIONS     OF     ELECTRIC-ARC 

WELDS  ' 

Numerous  articles  have  appeared  in  the  technical  literature 
bearing  on  the  subject  of  electric-arc  welding.  Most  of  these, 
however,  are  devoted  to  the  technique  and  comparative  merits 
of  the  method,  manipulations,  equipment,  etc.,  rather  than  to 
the  study  of  the  characteristics  of  the  metal  of  the  weld  itself. 
The  information  on  this  phase  of  the  subject  is  rather  meager.' 

A  considerable  number  of  examinations  was  made  of  welds 
prepared  by  means  of  the  electric-arc  process  and  representative 
of  different  conditions  of  welding.  Most  of  these  were  of  a  general 
miscellaneous  nature,  and  the  results  do  not  warrant  including  a 
description  of  the  different  specimens  here.  One  series  of  par- 
ticular interest,  however,  may  well  be  referred  to  in  detail.  As 
part  of  this  study  the  Welding  Research  Subcommittee  submitted 
to  the  Bureau  of  Standards  for  examination  a  number  of  welds 
of  ship  plate  representative  of  English  practice,  some  of  the 
welds  being  considered  as  very  superior  examples  of  welding, 
others  being  of  a  decidedly  inferior  grade.  In  Tables  i  and  2 
are  given  the  results  obtained  by  the  mechanical  tests  made 
upon  these  specimens.  The  welding  was  done  by  skilled  opera- 
tors by  means  of  special  brands  of  electrodes  (welding  pencils), 
the  trade  names  of  which,  however,  have  been  omitted  from  the 
tables.  In  addition  to  the  mechanical  tests  the  specimens  were 
examined  very  carefully  microscopically.  The  results  are  not 
included,  however,  as  the  structural  features  of  the  material  did 
riot  differ  from  those  discussed  later  in  Section  VII.  The  results 
of  the  mechanical  tests  given  are  of  value  in  that  they  are  indic- 
ative of  the  average  mechanical  properties  which  should  be 
expected  in  electric-arc  welds  of  satisfactory  grade  and  of  the 
shape  and  size  of  those  examined. 

^  These  examinations,  as  well  as  the  prei>aratioQ  of  many  of  the  specimens  used  later  in  the  investigation, 
were  made  by  B.  Hurvitz.  formerly  assistant  chemist  of  the  Bureau  of  Standards. 

*  A  fairly  complete  bibliography  on  the  mechanical  properties  and  structure  of  the  metal  of  the  weld 
and  also  on  nitrogen  in  iron  and  steel  has  been  given  in  the  appendix.  The  necessary  references  throughout 
the  text  are  made  by  quoting  the  bibliography  title  number. 
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TABLE  1.— Mechanical  Properties  of  12  Good  Welds « 


No. 

Average 

voltage. 

direct 

current 

Average 
current 

VSkl' 

Thick- 
ness of 
plate 

Xntinute 
tensile 
strength 

Blonga- 
UoT 

Oage 
length 

Fracture 

1 

2 
3 
4 
5 
6 

7 

8 

9 

10 

60 

60 
C75 
C75 
110 
110 

110 

110 

110 

110 

110 
110 

Amperes 
120 

120 
110 
110 
70 
125 

150 

100 

120 

120 

70 
150 

Vertical. 

...do 

Flat 

...do 

...do 

...do 

..do 

Overhead . 

Flat 

Vertical     . 

Flat 

...do 

Inch 

3/4 

3/4 
5/8 
5/8 
1/4 
3/4 

1 

1/2 

1/2 

1/2 

1/4 

1 

Lbs./fai.> 

51  450 

53  200 
57  430 

54  210 
63  610 
59  000 

52  570 
59  470 

55  460 
49  030 

Percent 

7 

11 
12 
14 

5.5 

6 

6 

4 
6 
3.7 

Inches 
8 

8 
8 
8 
6 
6 

6 

6 

6 

6 

In  weld,  fine  crystaUfaie, 
some  holes 
Do. 

Outside  weld,  few  holes. 
Do. 
Do. 

In  weld,  crystaUfaie.  fine 
to  coarse,  few  holes 

In  weld,  very  fine  crystal - 
Une.  few  holes 

In  weld,  fine  crystallfaie, 
manylioles 

In  weld,  crystalline,  fine 
to  coarse,  few  holes 

In  weld,  coarse  crystal- 
lfaie, few  holes 

Cold-bend  test  < 

Load  at     Load  at 
yield        break 

Angle  of 
bSnd 

11 
12 

\ 
Pounds  1  Pounds 
850         1  010 
13  530         17  450 

1 

Degrees 

105 
20 

In  weld,  fine  crystallfaie, 
few  holes 

«  All  the  welds  were  made  in  steel  plate  of  the  thickness  shown.  Electrodes  of  the  covered  type  were 
used.    The  welds  were  ol  6o'  V  type  except  the  overhead  welds,  in  which  a  90*  V  was  used. 

^  Refers  to  the  position  of  the  plates  which  were  being  welded  together. 

c  Alternating  current. 

d  The  bend  tests  were  made  with  the  apex  of  V  in  tension  with  a  7-inch  span  over  a  pin  of  a-inch  radius 
except  the  >^-inch  plate,  for  which  a  pin  of  i-inch  radius  was  used. 
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TABLE  2.— Mechanical  Properties  of  12  Inferior  Welds  ^ 


No. 

Averace 
volta^ 
direct 
current 

Average 
current 

vss^n 

Thick- 
nessof 
plate 

Ultimate 
tensile 
strengtti 

Elonga- 
tion 

Gage 
length 

1 

Fracture 

n 

110 
95 

95 
60 

60 
c75 
c75 

110 

110 
110 

Amperes 
120 

105 

105 
120 

110 

110 

110 

120 

120 
120 

105 
105 

Flat 

Vertical.. 

Flat 

...do 

Vertical.. 

...do 

...do 

...do 

Flat 

...do 

...do 

Vertical 

Inch 

5/8 

1 

1 

1/2 

1/2 
7/8 
1 
1/2 

1/2 

3/4 

1 
1 

Lbs./fai.t 
32  460 

19  890 

31  700 

37  290 

38  820 
31  360 
27  090 

39  400 

34  650 

35  120 

Percent 
NU 

NU 

Inches 

In  weld,  fine  crystalline 

14 

many  holes 
In  weld,  spongy  metal. 

15 

poor      Junction      with 
metal  of  plate 
Do. 

16 
17 
18 

2 

a 

NU 
1.4 
3.5 

NU 
NU 

6 
6 

In  weid,  very  fine  grained 
with  many  holes 

In  weld,  coarse  crystal- 
line, many  holes 

In  weld,  Une  to  coarse 

19 
20 

21 

8 
6 

crystalUne,  many  holes 

In  weld,  coarse  crystal- 
line, many  holes 

In  weld,  very  Une  grahied 
with  crystaWne  areas, 
many  holes 

In  weld,very  fine  grafaied, 
very  many  holes 

In   weld,   very   fine   to 

coarse  crystalline,  many 
holes 

1 

Cold-bend  test  d 

95 
95 

Load  at 
yield 

Load  at 
break 

Angle  of 
bend 

23 
24 

Pounds 
4  930 

4  120 

Pounds 

4  930 

4  610 

Degrees 

NU 

1 

In  weld,  very  many  laps 
and  holes 
Do. 

o  See  note  «,  Table  i 


fr  See  note  *>,  Table  i 


<•  See  note  c,  Table  i .        <*  See  note  <*,  Table  i . 


IV.  METHOD  AND  MATERIALS' 

The  specimens  required  for  the  study  of  the  mechanical  prop- 
erties of  the  arc-fused  iron  were  prepared  for  the  most  part  at 
this  Bureau,  direct  current  being  used  in  the  operation.  The 
apparatus  used  is  shown  diagrammaticaily  in  Fig.  i.  By  means 
of  the  adjustable  water  rheostat  the  current  could  be  regulated 
from  no  to  300  amperes.  By  the  use  of  automatic  recording 
instruments  the  voltage  and  current  were  measured  and  records 
were  taken  at  intervals  diu-ing  the  preparation  of  a  specimen. 

*  Adcnowledgement  is  due  A.  B-  Engle,  foimerly  laboratory  assistant,  for  aid  in  the  preparation  oi  many 
of  the  specimens. 
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■      Wtt^tttf  pttKll 


Fig.  I. — Arrangement  of  apparatus  for  welding 

The  values  of  current  given  below  in  the  tables  are  those  which 
were  desired  and  were  aimed  at,  the  average  deviation  from 
the  value  as  recorded  by  the  etudes  being  approximately  ±5 
amperes. 

Since  the  investigation  was  concerned  primarily  with  the 
properties  of  the  arc-fused  metal,  regular  welds  were  not  made. 
Instead  the  metal  was  deposited  in  a  block  large  enough  to 
permit  a  tension  specimen  (0.505  inch  diameter,  2-inch  gage 
length)  to  be  machined  out  of  it.  Although  the  opinion  is  held 
by  some  welders  that  the  properties  of  the  metal  of  an  arc  weld 
are  affected  materially  by  the  adjacent  metal  by  reason  of  the 
interpenetration  of  the  two,  it  was  decided  that  the  change  of 
properties  of  the  added  metal  induced  by  fusion  alone  was  of 
fundamental  importance  and  should  form  the  basis  of  any  study 
of  arc  welding.  The  method  adopted  also  permitted  the  use  of 
larger  specimens  with  much  less  machining  than  would  have 
been  possible  had  the  metal  been  deposited  in  the  usual  form  of 
a  weld. 

In  the  first  few  specimens  prepared  (10  in  number)  the  metal 
was  deposited  by  a  series  of  "headings"  as  shown  in  Fig.  2a. 
The  tension  specimens  cut  from  the  deposited  metal  were  found 
to  be  very  inferior  and  entirely  unsuitable  for  the  study.  This 
was  largely  on  account  of  the  excessive  overheating  which 
occiured,  as  well  as  the  fact  that  a  relatively  "long  arc"  was 
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u /£- 

Ena 
V/eiv 

Fig.  2. — Method  of  formation  of  the  blocks  of  arc-fused  steel 

a. Early  method  used,  but  discarded  because  of  the  inferiority  of  the  resulting  specimens:  b,  method 
used  in  the  fOTmation  of  all  specimens,  the  results  of  which  are  given  in  the  following  pages 

necessary  for  the  fusion  in  this  form.  Because  of  the  very 
evident  inferiority  of  these  specimens  the  results  of  the  mechanical 
tests  made  are  not  given  in  the  tables  below  (Sec.  VI).  The 
method  of  deposition  of  the  metal  was  then  changed  to  that 
shown  in  Fig.  26;  this  method  also  had  the  advantage  in  that 
the  amoimt  of  necessary  machining  for  shaping  the  specimens 
for  test  was  materially  reduced.  The  block  of  arc-fused  metal 
was  built  up  on  the  end  of  a  section  of  one-half  inch  plate  of 
mild  steel  (ship  plate)  as  shown.  When  a  block  of  sufficient 
size  had  been  formed,  it,  together  with  the  portion  of  the  steel 
plate  immediately  beneath,  was  sawed  off  from  the  remainder 
of  the  steel  plate.  The  tension  specimen  was  turned  entirely 
out  of  the  arc-fused  metal.  No  difficulty  whatever  was  experi- 
enced in  machining  the  specimens.  Fig.  3  shows  the  general 
appearance  of  the  block  of  fused  metal  as  well  as  the  tension 
specimen  turned  out  of  it. 

In  general,  in  forming  the  blocks  the  fused  metal  was  deposited 
as  a  series  of  "beads"  so  arranged  that  they  were  parallel  to  the 
axis  of  the  tension  specimen  which  was  cut  later  from  the  block. 
In  two  cases  for  purposes  of  comparison  the  metal  was  deposited 
in  ** beads"  at  right  angles  to  the  length  of  the  specimen.  In 
all  the  specimens  after  the  deposition  of  each  layer  the  surface 
13825^—20 2 
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was  very  carefully  and  vigorously  brushed  with  a  stiff  wire 
brush  to  remove  the  layer  of  oxide  and  slag  which  formed  during 
the  fusion.  There  was  found  to  be  but  little  need  to  use  the  chisel 
for  removing  this  layer. 


Fig.  3. — Block  of  arc-fused  metal  with  tension  specimen  cut  from  it. 
Reduction,  approximately  K 

Two  types  of  electrodes  were  used  as  material  to  be  fused. 
These  differed  considerably  in  composition  (Table  3,  Sec.  V)  and 
were  chosen  as  representative  of  a  "pure"  iron  and  a  low-carbon 
steel.  The  two  types  will  be  referred  to  as  "A''  and  "B," 
respectively,  in  the  tables  of  results  below.  They  were  obtained 
in  the  following  sizes:  One-eighth  inch,  five-thirty-seconds  inch, 
three-sixteenths  inch,  and  one-fourth  inch  (A  electrodes  five- 
sixteenths  inch).  It  was  planned  to  use  the  different  sizes  with 
the  following  currents:  One-fourth  inch — 75, 1 10,  and  145  amperes; 
five-thirty-seconds  inch — 145,  185,  and  225  amperes;  three-six- 
teenths inch — 185,  225,  and  260  amperes;  one-fourth  inch  (five- 
sixteenths  inch) — 300  amperes.  The  electrodes  were  used  both  in 
the  bare  condition  and  after  being  slightly  coated  with  a  deoxid- 
izing and  refractory  mixture.  For  coating,  a  paste  of  the  following 
composition  was  used:  Fifteen  g  graphite,  7.5  g  magnesium,  4 
g  aluminum,  65  g  magnesium  oxide,  60  g  calcium  oxide.  To  this 
mixture  was  added  120  cm*  of  sodium  silicate  (40°  Be)  and  150 
cm  •  of  water.     The  electrodes  were  painted  on  one  side  only  with 
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the  paste.  The  quantity  given  above  was  found  to  be  suflScient 
for  coating  500  electrodes.  The  purpose  of  the  coating  was  to 
prevent  excessive  oxidation  of  the  metal  of  the  electrode  during 
fusion  and  to  form  also  a  thin  protective  coating  of  slag  upon  the 
fused  metal. 

Tension  specimens  only  were  prepared  from  the  arc-fused 
metal;  the  modification  and  curtailment  of  the  original  program 
rendered  this  necessary.  It  is  quite  generally  recognized  that 
the  tension  test  falls  very  short  in  completely  defining  the  me- 
chanical properties  of  any  metal;  it  is  believed,  however,  that 
the  behavior  of  this  material  when  stressed  in  tension  is  so  charac- 
teristic that  its  general  behavior  imder  other  conditions  of  stress, 
particularly  when  subjected  to  the  so-called  dynamic  tests — ^that 
is — ^vibration  and  shock,  can  be  safely  predicted  from  the  results 
obtained.  In  order  to  supplement  the  specimens  made  at  this 
Bureau  a  series  of  six  was  also  prepared  by  one  of  the  large  manu- 
facturers of  equipment  for  electric  welding  to  be  included  in  the 
investigation.    These  are  designated  as  "C"  in  the  tables  below. 

V.  CHANGES    IN    COMPOSITION    OF    ELECTRODES    AS    A 
RESULT  OF  FUSION  * 

In  Table  3  below  are  given  the  results  of  the  analyses  of  several 
typical  specimens  of  the  two  types  of  electrodes  used  for  welding 
and  also  results  of  analyses  of  similar  material  after  arc-fusion. 


TABLR  3.— Results  of  Chemical 

Analyses  of  Electrodes  Before  and  After  Fusion<> 

Blectiode 

CartKm 

Silicon 

1 

Manftnese 

Phoephorus 

Type 

Diuneter 

Before 

After 

Before 

After 

Before 

After 

Before 

After 

A 

Inch 

1/8 
5/32 

3/16 

5/16 

1/8 

5/32 

Percent 
a058 

Percent 
f     a046 
I     6.031 

Percent 
0.33 

Per  cent 
f     a007 
1     fc.007 

Percent 
a042 

Percent 
f         Tr 
1         Tr 

Per  cent 

a  002 

Per  cent 
1       0.005 
I       6.005 

A 

A 

.022 

.010 
b.OlO 
.033 
.050 

.16 

.012 
6.014 
.006 
.11 

.038 

Tr 
6Tr 
a069 
.014 

.002 

[         .003 
6.002 
.012 
.011 

A 

.15 
.15 

.06 
.001 

.47 
.46 

.018 
.014 

B    

.027 
0.024 

.006 
6.100 

Tr 

6Tr 

.002 
6.004 

B 

B 

3/16 

B 1           1/4 

C 5/32 

1 

a  The  electrodes  which  furnished  the  specimens  used  for  analysis  after  fusion  were  not  the  identical  ones 
used  before  fusion,  but  were  the  same  stock. 

6  Results  were  obtained  from  the  fusion  of  coated  electrodes. 

*  Acknowledgment  is  due  J.  R.  Cain,  chemist.  Bureau  ol  Standards,  for  the  method  used  in  the  deter, 
mmation  of  nitrogen.  The  details  of  the  method,  necessary  precautions,  and  apparatus  will  be  described 
in  a  separate  publication. 
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TABLE  3.— Results  of  Chemical  Analyses  of  Electrodes  Before  and  After  Fusion- 
Continued 


Blectiode 

Sulplrar 

Copper  <> 

Nitrogen  b 

Type 

Diameter 
Inch 

Before 

A«.,      1 

Before 
Per  cent 

After 
Per  cent 

1 
Before 

Per  cent 

After 

Per  cent 

Per  cent 

Per  cent 

a  156 

A 

1/8 

-^i|   'tZ 

1 

0.0030 

.127 

1 

c.  149 

1 

I            C.140 

1 

{             .140 

1 

.123 

A 

5/32 

.0035 

.124 

1 

e.l21 

C.119 

1 

I            c.  113 

f             .126 

3/16 

[        .(m  1 

1 

.131 

A 

.  040  li          f'.  035 

I         .0040 

.133 

1            .043 

0.058 

1 

«-.127 
C.131 

1 

C.134 

A                     .   ... 

5/16 

026! 

.063 

.  0037 

.117 
c.  Ill 
.152 

1/8 

.021 

1 

.0032 

B 

.035 

.132 

1           ^035 

1 

C.141 
C.135 

r             .124 

.121 

B    

5/32 

.017 

1 

.0035 

.117 

1 

e.l22 

(i.132 

C.123 

f             .119 

.111 

B 

3/16 

J          .0022 
I          .0025 

.112 

C.106 

C.108 

I            '.094 

B                 .     .. 

1/4 

1 

f          .0014 
[          .0022  1 

c 

5/32 

.133 
.098 

o  DetcnninAtioQS  for  copper  were  not  carried  out  upon  the  unfused  electrodes. 

^  Badi  of  the  results  reported  in  the  "after"  fusion  columns,  excepting  «.  is  the  average  of  two  determi- 
nations made  on  one  separate  specimen, 
f  Results  were  obtained  from  the  fusion  of  coated  electrodes. 
d  Average  of  nine  determinationf . 
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It  will  be  noted  that  the  general  effect  of  the  fusion  is  to  render 
the  two  materials  more  nearly  the  same  in  composition.  The  loss 
of  carbon  and  of  silicon  is  very  marked  in  each  case  where  these 
elements  exist  in  considerable  amounts.  A  similar  tendency  may 
be  noted  for  manganese.  The  coating  with  which  the  electrodes 
were  covered  appears  to  have  had  but  little  influence,  if  any,  in 
preventing  the  oxidation  of  the  carbon  and  other  elements. 


4^     .iSO 

0 
0 

5 

1. 

'       ISO 

0 

0 

0 

• 

0 

0 
0 

c 

3 
• 
0 

8        • 

•      .0 

0 

8 

0 

0 

•0«( 

0 

0 

0 

0 

40*0  6.000  a  000  'O.OOO  12.000 

Current    Dentity  -  amfMrcs  {'er  s^.ln 

Fig.  4. — Relation  of  current  density  to  nitrogen  content  of  ih€ 
arc-fused  steel 

The  most  noticeable  change  in  composition  is  the  increase  in 
the  nitrogen  content  of  the  metal.  In  general  the  increase  was 
rather  uniform  for  all  specimens.  In  Table  4  are  summarized  the 
results  of  the  nitrogen  determinations  together  with  the  corre- 
sponding current  density  used  for  the  fusion  of  the  metal.  In 
Fig.  4  the  average  nitrogen  content  found  for  the  different 
conditions  of  fusion  is  plotted  against  the  corresponding  current 
density.  Though  no  definite  conclusion  seems  to  be  warranted, 
it  may  be  said  that,  in  general,  the  percentage  of  nitrogen  taken 
up  by  the  fused  iron  increases  somewhat  as  the  current  density 
increases.  With  the  lowest  current  densities  used  the  amoimt  of 
nitrogen  was  foimd  to  be  appreciably  less  than  for  the  higher 
current  densities  used.  Paterson  reports  [3]  an  increase  in 
nitrogen  content  imder  similar  conditions. 
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TABLE  4. — ^Relation  Between  Nitrogen  Content  and  Current  Density 


Diameter  of  electrode 


Approzl- 

mate 

current 


1/8  Inch.. 
1/8  Inch.. 
5/32  Inch. 
5/32  Inch., 
5/32  Inch. 
5/32  inch. 
3/16  inch. 
3/16  inch. 
3/16  inch. 
5/16  inch. 


no 
145 
145 
185 
225 
175 
185 
225 
260 
300 


Current 
density 


Amp./in.< 
9  000 

11  800 

7  600 
9  650 

11  700 
9  100 
6  700 

8  150 

9  400 
3  900 


IVltro(en  content  o 


Specimen  A 


Specimen  B 


Percent 
a  156 
ft.  149 

.127 
ft.  140 

.140 
ft.  121 

.123 
ft.  119 

.124 
ft.  113 


.126 
ft.  127 

.131 
ft.  131 

.133 
ft.  134 

.117 
ft.  Ill 


Percent 
0.152 
ft.  141 

.132 
ft.  135 

.124 
ft.  122 

.121 
ft.d.  132 

.117 
ft.  123 


.119 
ft.  106 

.111 
ft.  108 

.112 

.094 


I 


Specimen  C 


Percent 


a  133 
.098 


Average 


Percent 

a  138 

.126 
.127 
.131 

(«) 
(O 

.120 
.120 
.118 
.114 


«  Average  of  two  determinations. 

ft  Coated  electrodes. 

<^  Included  in  average  for  C-D.  iz  8oo. 


^  Average  of  nine  determinations. 
« Included  in  average  for  C-D,  9000. 


VI.  MECHANICAL  PROPERTIES  OF  THE  ARC-FUSED  METAL 

The  mechanical  properties  of  the  two  types  of  electrodes  used 

as  determined  by  the  tension  test  are  summarized  in  Table  5 

below. 

TABLE  5.— Tensile  Properties  of  Electrodes 


Type                                 Diameter 

Propor- 
tlmuil 
limit 

Ultimate 
tenaile 
itrencth 

Lba./in.s 

65  800 
62  100 
60  100 
57  300 
88  600 
84  700 

66  300 

67  900 

Bloncatlon 
in  2  inches 

Redaction 
of  area 

A 

Inch 

'              5/32 

Lbe./in.> 

39  000 
48  000 
34  000 

67  000 
58  500 
37  500 

Percent 
16.5 
9.0 
14.0 
l&S 
4.5 
7.0 
ISO 
15.5 

Percent 

69.2 

A 

A 

A 

B 

B                          

3/16 

'              5/16 

'              5/16 

5/32 
3/16 

69.3 
66.4 
67.6 
51.3 
59.8 

B !               1/4 

6L4 

B 1/4 

62.4 
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In  Table  6  are  given  the  results  of  the  mechanical  tests  made 
upon  the  tension  specimens  which  were  turned  out  of  the  blocks 
of  metal  resulting  from  the  fusion  of  the  electrodes.  For  pur- 
poses of  comparison  the  chemical  composition  of  the  material  is 
also  included  in  the  table.  The  specimens  listed  C-i ,  C-2 , . . . .  C-6 
are  the  six  which  were  prepared  outside  the  Bureau  and  sub- 
mitted for  purposes  of  comparison.  It  was  stated  that  they 
were  prepared  from  bare  electrodes  five  thirty-seconds  inch  in 
diameter,  of  type  B,  containing  0.17  per  cent  carbon  and  0.5 
per  cent  manganese. 
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As  an  aid  for  more  readily  comparing  the  mechanical  proper- 
ties of  the  two  types  of  arc-fused  metal  A  and  B,  the  results 
have  been  grouped  as  given  in  Table  7. 

TABLE  7.— Tensile  Properties  and  Hardness  of  Specimens  of  Weld  Metal  Prepared 
by  the  Bureau  (Arranged  in  Order  of  Amperage  Used) 


ContiitttMd, 

Yield  poliit 

UlipOfM' 

BlectiodeAt* 

BlectiedeBt> 

BlectiodeA 

BlectrMleB 

Bare 

Ceveied 

But 

Cofeied 

Bare 

Covered 

Bare 

Covered 

lio 

Lbs./fai.s 
49850 

Lbfc/lii.* 
51250 

«43  000 
51000 

C46  250 
41750 

£46  950 

44  620 
^43  600 

51  200 
M5  700 

46  900 
^41  550 

48  600 
C46  250 

47  500 
£50  700 

45  900 

Lbs./fai.> 
52  650 

Lbs./liL,> 
49  050 

C44  400 
52  100 

eS0  850 

48  130 
e41  750 

49  086 
£47  100 

49  950 

£51  150 

45  500 

Lbe./fai.s 
36  600 

Lbe./lii«s 
35  000 

Lbe./lii«s 
37  000 

Lbe./lii^ 
33  750 

Series  1.. 
Serles2.. 

51  950 

54  500 

36  250 

36  750 

36  000 

34  300 

145 

47  550 

46  450 

33  500 

31  000 

,.  .  .  1 

48  100 

49  600 

34  250 

31  730 

senesi.. 
Series  2.. 

50600 

47  550 

33  750 

35  000 

,-  ._. 

45  500 

49  500 

30  500 

30  500 

seneti.. 
Serles2.. 

225 

49  150 

42  900 

41500 

36  250 

35  000 

260 

50  950 

47  500 

46  350 

33  750 

34  500 

300 

46  670 

48  900 

46  600 

48  800 

47  450 

35  300 

34  650 

34  250 

32  250 

47  400 

47  980 

35  000 

33  250 

a  Size  of  electrode  used:  One-eighth  inch  diameter,  xio  amperes  and  145  amperes  (series  x);  5/32  inch 
diameter.  145  amperes  (series  a).  185  amperes  (series  z).  and  225  amperes  (series  i);  3/16  inch  diameter. 
185  amperes  (series  2).  225  amperes  (series  a),  and  260  amperes;  5/16  inch  diameter,  300  amperes. 

b  A  and  B  refer  to  the  two  types  of  electrodes  used  (Table  3). 

£  Duplicate  specimen. 
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TABLE  7. — ^Tensile  Properties  and  Hardness  of  Specimens  of  Weld  Metal  Prepared 
by  the  Bureau  (Arranged  in  Order  of  Amperage  Used) — Continued 


Tensile  properties— Continued 

n  in  area 

Elongation  in  2  inches 

Reductio 

amperes 

Electrode  A 

Electrode  B 

Electrode  A 

ElectrodeB 

Bare 

Covered 

Bare     1  Covered 

Bare 

Covered 

Bare 

Covered 

110 

Per  cent 
6.0 

Percent 
9.5 

Percent 
7.5 

Percent 

9.0 

a6.5 

12.5 

«13.0 

&0 

«6.0 

12,5 

a  11.0 

11.5 

0  14.5 

Z.S 

Per  cent 
6.5 

Percent 
11.0 

Percent 
7.5 

Percent 
12.0 

a  5.0 

0  9.0 

10.5 

O12.0 

6.6 

a  9.  4 

0  9.4 

Series  1 
Series  2 
Series  1 . . 
Series  2  . 
Series  1.. 
Series  2. 

8.0 

8.5 
17.0 

6.0 
18.0 

6.5 
16.5 
10.5 
a&5 

9.5 
0  5.0 

12.5 

13.0 

12.0 

16.0 
0  17.5 

6.0 

5.0 

7.4 

7.0 

lao 

o  9.5 

8.0 

7.5 

8.7 

5.8 

O9.0 

10.5 

oil.  5 

10.1 

06.5 

10.0 

O12.0 

9.0 

0  2.8 

11.5 

9.0 

13.0 
0  12.5 

5.5 

7.5 

23.5 

11.5 

21.5 
0  19.5 

&0 

9.0 

9.6 

7.5 

ia5 

7.0 

7.0 

a  11.  5 

9.0 

«8.0 

8.5 

7.5 

6.0 

10.0 

16.2 

12.7 

260 

10.5 

12.0 

10.0 

12.0 

.13.5 

15.0 

300     

12.0 

11.9 

Average 

7.9              8.5 

as 

9.9 

10.3 

9.2 

10.5 

13.8 

7. 

9 

9. 

0 

9.6 

1                 12.5 

Brinell  and  scleroscope  hardness 


Current  used* 
amperes 


Electrode  A 


Electrode  B 


145. 


Series  1. 
Series  2. 
[Series  1 . 
Series  2 


225 
260 

Series  1.. 
|series2  . 

300 

Average 

BrineU 

Scleroscope 

Brinell 

Bare 

Covered 

Bare 

Covered 

Bare 

Covered 

Bare 

Covered 

108 

103 

17.0 

17.8 

114 

100 

18.8 

16.0 

1          ''' 

110 

18.0 

17.2 

106 

116 

15.8 

16.0 

j          108 

99 

15.6 

17.4 

102 

101 

16.2 

14.8 

104 

103 

16.2 

16.8 

108 

97 

16.2 

16.0 

105 

101 

16.2 

17.2 

95 

98 

17.4 

16.8 

101 

- 

15.2 

16.8 

110 

95 

16.6 

1&6 

j          102 

96 

16.4 

16.2 

101 

99 

16.2 

13.8 

107 

97 

17.4 

14.6 

102 

99 

15.4 

14.6 

104 

16.2 

1 

1 



106 

100 

16.  5  1          16.  8 

105 

101 

16.6 

15.5 

1( 

)3 

16.6 

1 

)3 

16.0 

o  Duplicate  specimen. 
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The  characteristic  appearance  of  specimens  after  testing, 
illustrating  their  behavior  when  stressed  in  tension  until  rupture 
occurs,  is  shown  in  Figs.  5,  a  and  b.    These  represent  two  views 


A  B 

Fig.  5. — Characteristic  appearance  of  tension  specimens  after  test.     X  2 

At  specimen  B-3  (Table  6);  B,  specimen  BD-6  (Table  6);  a,  </,  face  of  fracture,  viewed  normally;  6,  e, 
fractured  end  of  specimen,  viewed  at  an  angle  of  45**;  c,fi  side  view  of  specimen 
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of  the  face  of  the  ffacture,  one  m  which  the  line  of  vision  is 
perpendicular  to  the  face,  the  other  at  an  angle  of  45°,  together 
with  a  side  view  of  the  cylindrical  surface  of  the  specimen.  The 
features  shown  in  Fig.  5  are  characteristic  of  all  the  specimens 
tested,  though  in  some  they  were  much  more  pronoimced  than 
those  shown.  The  fracture  of  the  specimen  in  all  cases  reveals 
interior  flaws.  In  some  of  the  specimens,  however,  these  are 
microscopic  and  of  the  character  shown  in  Fig.  12.  Although 
many  of  the  specimens  (from  the  results  of  Table  6)  appear  to 
have  a  considerable  elongation,  it  is  seen  from  Fig.  5  that  the 
measured  elongation  does  not  truly  represent  a  property  of  the 
metal  itself.  It  is  due  rather  to  interior  defects  which  indicate 
lack  of  perfect  union  of  succeeding  additions  of  metal  during 
the  process  of  fusion.  The  surface  markings  of  the  specimen 
after  stressing  to  rupture  are  very  similar  to  those  seen  in  the 
familiar  "flaky  steel." 

It  appears  from  the  results  above  that,  as  far  as  the  mechanical 
properties  are  concerned,  nothing  was  gained  by  coating  the 
electrodes.  The  results  show  no  decided  superiority  for  either 
of  the  two  types  of  electrodes  used.  This  may  be  expected, 
however,  when  one  considers  that  the  two  are  rendered  prac- 
tically the  same  in  composition  during  fusion  by  the  burning  out 
of  the  carbon  and  other  elements. 

The  results  of  the  tension  tests  upon  the  C  series  of  specimens, 
which  were  made  outside  of  this  Bureau  and  submitted  to  be 
included  in  the  investigation,  show  no  marked  difference  between 
these  samples  and  those  prepared  by  this  Bureau.  In  all  cases 
the  results  obtained  in  the  tension  test  are  determined  by  the 
sotmdness  of  the  metal  and  do  not  necessarily  indicate  the  real 
mechanical  properties  of  the  material. 

The  results  of  the  hardness  determinations  do  not  appear  to 
have  any  particular  or  imusual  significance.  The  variations  are 
of  the  same  general  nature  and  relative  magnitude  as  the  varia- 
tions observed  in  the  results  of  the  tension  test.  In  general,  the 
higher  hardness  number  accompanies  the  higher  tensile  values, 
though  this  was  not  invariably  so.  As  previously  noted,  speci- 
mens were  prepared  f  01  the  purpose  of  showing  the  relation  between 
the  direction  in  which  the  stress  is  applied  and  the  maimer  of 
deposition  of  the  metal.  The  metal  was  deposited  in  the  form 
shown  in  Fig.  3,  except  that  the  "beads'*  extended  across  the 
piece  rather  than  lengthwise,  hence  the  "beads"  of  fused  metal 
were  at  right  angles  to  the  direction  in  which  the  tensional  stress 
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was  applied.  The  results  of  the  tension  tests  show  that  these 
two  specimens  (AW-i  and  AW-2)  were  decidedly  inferior  to 
those  prepared  in  the  other  manner,  as  shown  in  the  table  below. 

TABLE  8.— Mechanical  Properties  of  Arc-Fused  Metal  Deposited  at  Right  Angles 

to  Length  of  Specimen 


Spedmen 

Propor- 
tional 
limit 

ii|^ii[nnf^^ 
tensile 
■trength 

Blonga- 
tionln 
2incheg 

Reduc- 
tionol 
area 

AW-1 

Lbe./fai.s 
22  500 
22  500 

Lta./fai.s 
40  450 
39  500 

Percent 
6.5 
4.0 

'  Per  cent 
8.5 

AW-2 

3.0 

Vn.  STRUCTURAL  FEATURES:   METALLOGRAPHIC 
EXAMINATION 

1.  MACROSTRUCTURE 

The  general  condition  of  the  metal  resulting  from  the  arc 
fusion  is  shown  in  Figs.  6  and  7,  which  show  longitudinal  medial 
sections  of  a  series  of  the  tension  bars  adjacent  to  the  fractured 
end.  The  metal  in  all  of  these  specimens  was  foimd  to  contain 
a  considerable  nimiber  of  cavities  and  oxide  inclusions;  these  are 
best  seen  after  the  surfaces  are  etched  with  a  10  per  cent  aqueous 
solution  of  copper-ammonium  chloride.  In  many  of  the  speci- 
mens the  successive  additions  of  metal  are  outlined  by  a  series 
of  very  fine  inclusions  (probably  oxide)  which  are  revealed  by 
the  etching.  There  appears  to  be  no  definite  relation  between 
the  soundness  of  the  metal  and  the  conditions  of  deposition — 
that  is,  for  the  range  of  current  density  used — ^nor  does  either 
type  of  electrode  used  show  any  decided  superiority  over  the 
other  with  respect  to  porosity  of  the  resulting  fusion.  In  Fig. 
8,  a  and  6,  is  shown  the  appearance  of  a  cross  section  of  one  of 
the  blocks  of  arc-fused  metal  prepared  outside  of  this  Bureau  by 
skilled  welding  operators.  The  condition  of  this  material  is  quite 
similar  to  that  prepared  by  this  Bureau.  The  appearance  of  the 
fracture  of  one  of  the  tension  specimens  made  from  such  material 
is  shown  in  Fig.  8c.  The  same  defects  as  may  be  seen  in  the 
cross  sections  (Fig.  8,  a  and  b)  are  also  to  be  foimd  on  the  fractured 
end  of  the  bar;  in  addition  to  these,  there  appears  to  be  a  seam  of 
imwelded  metal. 

The  later  microscopic  study  of  the  material  also  revealed  further 
evidence  of  unsoundness  in  all  the  three  types,  A,  B,  and  C. 
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Fig.  6. — Macrosiruciure  of  arc-fused  metal  from  electrodes  of 
type  A.     X  2 

Medial  loa;:itudirLal  sections  of  tension  specimens  (Table  6)  were  etched  with  lo  per  cent  aqueous  solu- 
tion of  copprr  ammonium  chloride,  a,  specimen  AD-6,  i^rinch  covered  electrode,  a6o  amperes;  6.  speci- 
men A-s.  iVinch  bare  electrode,  225  amperes;  i,  specimen  A-6.  nVinch  bare  electrode,  260  amperes;  d, 
specimen  A-j.  3»-inch  bare  electrode,  14s  amperes;  e,  specimen  A-4.  -A-inch  bare  electrode,  185  1 
/,  specimen  AD -2,  '*-inch  covered  electrode,  no  amperes 
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Fig.  7. — Macrostructure  of  arc-fused  metal  from  elec- 
trodes of  type  B.     X  2 

Medial  lonsitudinal  sections  of  tension  specimens  (Table  6)  were  etched  vrith  lo  per  cent  aqueous  solu- 
tioQ  of  copper  ammonium  chloride,  a,  specimen  B-4,  /rinch  bare  electrode,  145  amperes;  b,  specimen 
B-s,  A-inch  bare  electrode,  185  amperes;  c,  specimen  B-3,  J^inch  bare  electrode,  no  amperes;  d,  speci- 
men B-1,  H-inch  bare  electrode,  145  amperes;  e,  specimen  BD-6.  /rinch  covered  electrode,  225  amperes; 
/,  specimen  BD-4,  /rinch  covered  electrode,  145  amperes 

13825*— 20 4 


Digitized  by 


Google 


26  Technologic  Papers  of  the  Bureau  of  Standards 
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Fig.  8. — Macrostructure  of  arc-fused  metal,  Type  C 

A ,  cross  section  of  the  block  of  arc-fused  metal  from  which  specimen  C-i  (Table  6)  was  turned;  unetdied, 
X  x:  B,  same  as  A,  etched  with  xo  per  cent  aqueous  solution  of  copper  anmionium  chloride.  X  1.2;  C, 
appearance  of  fractured  tension  specimen  C-4  (Table  6),  X  7 

2.  MICROSTRUCTURE 

(a)  General  Features. — For  purposes  of  comparison  the 
microstructure  of  the  electrodes  before  fusion  is  shown  in  Fig.  9. 
The  A  electrodes  have  the  appearance  of  steel  of  a  very  low 
carbon  content.  In  some  cases  they  were  in  the  cold-rolled  state; 
all  showed  a  considerable  number  of  inclusions.  The  B  electrodes 
have  the  structure  of  a  mild  steel  and  are  much  freer  from  inclu- 
sions than  are  those  of  the  other  type.  It  is  imdoubtedly  true, 
however,  that  the  condition  of  the  arc-fused  metal  with  respect  to 
the  niunber  of  inclusions  is  a  result  of  the  fusion  rather  than  of 
the  initial  state  of  the  metal. 

It  is  to  be  expected  that  the  microstructure  of  the  material 
after  fusion  will  be  very  considerably  changed,  since  the  metal 
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is  then  essentially  the  same  as  a  casting.     It  has  some  features, 
however,  which  are  not  to  be  foimd  in  steel  as  ordinarily  cast. 


B 


C 

Fig.  9. — Microstructure  of  electrodes  before  fusion.     X  100 

A,  electrode  of  type  A,  fy  inch,  annealed  as  received:  B,  electrode  of  type  B,  H  indi,  cold  drawn  as 
received;  C,  electrode  of  type  B.  -fg  inch,  annealed  as  received.  Etching  reagent,  5  per  cent  alcoholic 
aohition  of  picric  add 
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The  general  type  of  microstructure  was  found  to  vary  in  the 
different  specimens  and  to  range  from  a  condition  which  will  be 
designated  as  "columnar"  to  that  of  a  uniform  fine  equi-axed 


A 


B 

Fig.  io. — Typical  microsiructures  of  arc-ftised  metal,  designated  as 
*' columnar**  and  "equiaxed.**     X  lOO 

A,  columnar  condition  (specimen  B-2,  Table  6);  etching  reagents,  5  per  cent  alcoholic  solution  of  picric 
add;  an  equiaxcd  condition  is  shown  in  the  upper  right-hand  corner;  B,  equiaxed  condition  (specimen 
AD-3,  Table  6).    Etching  reagent.  2  per  cent  alcoholic  solution  of  nitric  acid 

crystalline  arrangement.     This  observation   held  true  for  both 
types  of  electrodes,  whether  bare  or  covered.     Fig.  lo  shows  the 
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two  extremes  of  microstructure  which  were  found.  In  the 
examination  of  cross  sections  of  the  blocks  of  arc-fused  metal,  it 
was  noticed  that  the  equi-axed  type  of  structure  is  prevalent 
throughout  the  interior  of  the  piece  and  the  columnar  is  to  be 
found  generally  nearer  the  surface;  that  is,  in  the  metal  deposited 
last.  It  may  be  inferred  from  this  that  the  metal  of  the  layers 
which  were  deposited  during  the  early  part  of  the  preparation  of 
the  specimen  is  refined  considerably  by  the  successive  heatings 
to  which  it  is  subjected  as  additional  layers  of  metal  are  deposited. 


Fig.  II. — Microstructure  of  arc-fused  steel  showing  characteristic  features, 
pearlite  islands,  "needles,**  and  oxide  inclusions.     X  750 
The  sijedmen  (AD-a,  Table  6)  was  etched  with  a  per  cent  alcoholic  solution  of  nitric  add 

The  general  type  of  structure  of  the  tension  bars  cut  from  the 
blocks  of  arc-fused  metal  will  vary  considerably  according  to  the 
amotmt  of  refining  which  has  taken  place  as  well  as  the  relative 
position  of  the  tension  specimen  within  the  block.  In  addition  it 
was  noticed  that  the  columnar  and  coarse  equi-axed  crystalline 
condition  appears  to  predominate  with  fusion  at  high  current 
densities. 

(6)  Microscopic  evidence  of  unsoundness. — In  all  of  the 
specimens  of  arc-fused  metal  examined  microscopically  there 
appear  to  be  numerous  tiny  globules,  apparently  oxide,  as  shown 
in  Figs.  lo,  ii,  12,  and  13.  A  magnification  of  500  diameters  is 
usually  necessary  to  show  these  inclusions.  In  general,  they 
appear  to  have  no  definite  arrangement  but  occur  indiscriminately 
throughout  the  crystals  of  iron. 
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B 


C 

Fig.  12. — Microstructure  of  arc-fused  steel  shewing  characteristic  feature  of  **  metallic- 
globule**  inclusions,     y.  500 

A,  specimen  AD-9  (Table  6);  B,  specimen  AD-io  (Table  6);  C,  specimen  A-io  (Table  6)  after  heating 
6  hours  ia  vacuo.   Etching  reagent,  a  per  cent  alcoholic  soluttoa  of  nitric  acid 

A  type  of  imsoundness  frequently  found  is  that  shown  m  Fig. 
12;   this  will  be  referred  to  as  "metallic-globule  inclusions."     In 
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general,  these  globules  possess  a  microstructure  similar  to  that  of 
the  surrounding  metal,  but  are  enveloped  by  a  film,  presumably 
of  oxide.  It  seems  probable  that  they  are  small  metallic  par- 
ticles which  were  formed  as  a  sort  of  spray  at  the  tip  of  the 
electrode  and  which  were  deposited  on  the  solidified  cfust  sur- 
rotmding  the  pool  of  molten  metal  directly  tmder  the  arc.  These 
solidified  particles  apparently  are  not  fused  in  with  the  metal 
which  is  subsequently  deposited  over  them;  that  is,  dxu"ing  the 
formation  of  this  same  layer  and  before  any  brushing  of  the 
surface  occiu-s.  By  taking  extreme  precautions  dxiring  the  fusion 
a  great  deal  of  the  imsoimdness  may  be  avoided,  and  the  mechan- 
ical properties  of  the  metal  may  be  considerably  improved. 
However,  the  specimens  as  described  are  more  representative  of 
actual  present  practice  in  welding. 

(c)  Characteristic  "Needi.es''  or  "Pirates." — ^The  most 
characteristic  feature  of  the  steel  after  fusion  is  the  presence  of 
numerous  Imes  or  needles  within  the  crystals.  The  general 
appearance  of  this  feature  of  the  structure  is  shown  in  Fig.  13. 
The  ntunber  and  the  distribution  of  these  "needles"  were  found 
to  vary  greatly  in  the  different  specimens.  They  are  most 
abimdant  in  the  columnar  and  in  the  coarse  equi-axed  crystals. 
The  finer  equi-axed  crystals  in  some  specimens  were  found  to  be 
quite  free  from  them,  although  exceptions  were  found  to  this  rule. 
In  general,  a  needle  lies  entirely  withm  the  bounds  of  an  indi- 
vidual crystal.  Some  instances  were  foimd,  however,  where  a 
needle  appears  to  lie  across  the  boundary  and  so  lies  within  two 
adjacent^  crystals.  Several  instances  of  this  tendency  have  been 
noted  in  the  literature  on  this  subject  ([12] — Fig.  8;  [27] — ^Fig. 
30;  [18] — ^p.  251,  Fig.  14  B).  The  needles  have  an  appreciable 
width,  and,  when  the  specimen  is  etched  with  2  per  cent  alcoholic 
nitric  acid,  they  appear  much  the  same  as  cementite;  that  is, 
they  remain  imcolored,  although  they  may  appear  to  widen  and 
darken  if  the  etching  is  prolonged  considerably.  The  apparent 
widening  is  evidently  due  to  the  attack  of  the  adjacent  ferrite 
along  the  boimdary  line  between  the  two.  The  tendency  of  the 
needles  to  darken  when  etched  with  a  hot  alkaline  solution  of 
sodium  picrate  as  reported  by  Comstock  [12]  was  confirmed. 
Fig-  13,  ^  illustrates  the  appearance  when  etched  in  this  manner. 
The  needles  are  sometimes  found  in  a  rectangular  grouping;  that 
is,  they  form  angles  of  90°  with  one  another.  In  other  cases  they 
appear  to  be  arranged  along  the  octahedral  planes  of  the  crystal; 


Digitized  by 


Google 


32  Technologic  Papers  of  the  Bureau  of  Standards 


B 


^  D 

Fig.  13. — Micros tructure  of  arc-fused  steel  showing  characteristic  "needles**  or  "plates.*' 

X  500  .1 

A,  spedmen  BD  (Table  6);  B,  specimen  BD-3  (Tabic  6);  C,  spedmen  A-5  (Table  6)  (the  material  was 
used  for  thermal  analysis  (Sec.  VII.  4)  and  was  heated  to  approximately  900  *  C  four  times  and  cooled  in 
vacuo);  D,  specimen  of  welded  ship  plate,  one  of  the  specimens  used  in  the  preliminary  examinations 
(sec.  3):  in  addition  to  the  usual  needles  a  second  generation  of  very  small  ones  may  be  seen.  Etching 
reagents:  A  and  B,  5  per  cent  alcoholic  solution  of  picric  acid;  C,  hot  alkaline  solution  of  sodium  picrate; 
D,  3  per  cent  alcoholic  solution  of  nitric  acid 
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that  is,  at  60°  to  one  another.  This  is  best  seen  in  specimens 
which  have  been  heated  as  explained  in  section  3  below. 

In  some  of  the  specimens  certain  crystals  showed  groups  of  very 
fine  short  needles  (Fig.  13d).  The  needles  comprising  any  one 
group  or  family  are  usually  arranged  parallel  to  one  another,  but 
the  various  groups  are  often  arranged  definitely  with  respect  to 
one  another  in  the  same  manner  as  described  above.  Similar 
needles  have  been  reported  in  the  literatxire  by  Miller  [14]. 

An  attempt  was  made  *  to  determine  whether  the  so-called  lines 
or  needles  were  really  of  the  shape  of  needles  or  of  tiny  plates  or 
scales.  An  area  was  carefully  located  on  a  specimen  prepared  for 
microscopic  examination,  which  was  then  groimd  down  slightly  and 
repolished  several  times.  It  was  possible  to  measxire  the  amount 
of  metal  removed  durmg  the  slight  grinding  by  observing  the 
gradual  disappearance  of  certain  of  the  spherical  oxide  inclusions 
the  diameter  of  which  could  be  accurately  measured.  By  slightly 
etchmg  the  specimen  after  polishmg  anew  it  was  possible  to  follow 
the  gradual  disappearance  of  some  of  the  most  prominent  needles 
and  to  measure  the  maximum  "depth*'  of  such  needles.  It  was 
concluded  from  the  series  of  examinations  that  the  term  "plate*' 
is  more  correctly  descriptive  of  this  feature  of  the  structure  than 
"line"  or  "needle."  The  thickness  of  the  plate— that  is,  the 
width  of  the  needle — ^varies  from  0.0005  to  o.ooi  mm,  and  the 
width  of  the  plate  ("  depth  ")  may  be  as  great  as  0.005  ^^^J^^-  The 
persistence  of  the  plates  after  a  regrinding  of  the  siuface  used  for 
microscopical  examination  may  be  noted  in  some  of  the  micro- 
graphs given  by  Miller  [21].  The  authors  are  not  aware,  however, 
of  any  other  attempt  to  determine  the  shape  of  these  plates  by 
actual  measurements  of  their  dimensions. 

The  usual  explanation  of  the  nature  of  these  plates  is  that  they 
are  due  to  nitrogen  which  is  taken  up  by  the  iron  during  its 
fusion.  Other  suggestions  which  have  been  offered  previously 
attribute  them  to  oxide  of  iron  and  to  carbide.  The  suggestion 
concerning  oxide  may  be  dismissed  with  a  few  words.  The  plates 
are  distinctly  different  from  oxide  in  their  form  and  their  behavior 
upon  heatmg.  It  is  shown  later  (sec.  3)  that  the  tiny  oxide 
globules  coalesce  into  larger  ones  upon  prolonged  heating  in  vacuo, 
the  plates  also  increase  in  size  and  become  much  more  distinct 
(Fig.  25,  6,  d,  /) .     In  no  case,  however,  was  any  intermediate  stage 

*  This  was  carried  out  by  P.  D.  Merica,  formerly  physicist  of  the  Bureau  of  Standards. 
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between  the  globular  form  and  the  plate  produced  such  as  would 
be  expected  if  both  were  of  the  same  chemical  nature. 


B 

Fig.  14. — Characteristic  micro  structure  of*'  niirogenized**  irori.     X  500 

Electrolytic  iron  was  heated  for  some  hours  at  approximately  650°  C  in  ammonia  gas.  It  takes  up 
nitrogen  readily  under  these  conditions.  A,  two  types  of  needles  occur,  etching  reagent,  3  per  cent  alco- 
holic nitric  add;  B,  same  specimen  as  A  (another  area).  Etching  reagent,  hot  alkaline  solution  of  soditmi 
picrate 

Regarding  the  assumption  that  they  are  cementite  plates,  it 
may  be  said  that  the  tendency  during  fusion  is  for  the  carbon  to  be 
burnt  out,  thus  leaving  an  iron  of  low  carbon  content.     In  all  the 
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specimens  islands  of  pearlite  (usually  with  cementite  borders)  are 
to  be  found  and  may  easily  be  distinguished  with  certainty.  The 
number  of  such  islands  in  any  specimen  appears  to  be  sufficient  to 


B 

Fig.  15. — Microstructure  of  arc-fused  steel  produced  in  an 
atmosphere  of  carbon  dioxide 

The  structure  is  quite  similar  to  that  of  the  same  fused  in  air;  ^inch  electrode  of  type  A  was  used  with 
150  amperes.  Etching  reasent,  5  per  cent  alcoholic  solution  of  picric  add;  magnification,  A,  X  100;  B, 
X500 

account  for  the  carbon  content  of  the  material  as  revealed  by 
chemical  analysis.  In  some  cases  the  pearlite  islands  are  asso- 
ciated with  a  certain  type  of  lines  or  needles  such  as  are  shown  in 
Fig.  1 1 .  These  needles,  however,  appear  distinctly  different  from 
those  of  the  prevailing  type  and  are  usually  easily  distinguished 
from  them.     The  thermal  analysis  of  arc-fused  iron  (Sec.  VII,  4) 
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gives  further  evidence  that  the  plates  are  not  to  be  attributed  to 
carbon. 

The  fact  that  the  plates  foimd  m  the  arc-fused  metal  are  iden- 
tical in  appearance  and  in  behavior  (for  example,  etching)  as 
those  found  in  iron  which  has  been  nitrogenized  is  strong  evidence 
that  both  are  of  the  same  nature.  Fig.  14a  shows  the  appearance 
of  the  plates  produced  in  electrolytic  iron  by  heating  it  for  some 
time  in  pure  ammonia  gas.  These  plates  behave  in  the  same 
characteristic  manner  when  etched  with  sodium  picrate  as  do  those 
occturing  in  arc-fused  iron  (Fig.  146).  The  fact  that  the  nitrogen 
content  of  the  steel  is  increased  by  the  arc  fusion  also  supports  the 
view  that  the  change  which  occurs  in  the  structure  is  due  to  the 
nitrogen.  The  statement  has  been  made  by  Ruder  [24]  that  metal 
fused  in  the  absence  of  nitrogen — that  is,  in  an  atmosphere  of 
carbon  dioxide  or  of  hydrogen — does  not  contain  any  plates,  and 
hence  the  view  that  the  plates  are  due  to  the  nitrogen  is  very  much 
strengthened.  In  Fig.  15  the  appearance  of  specimens  prepared 
at  this  Bureau  by  arc  fusion  of  electrodes  of  type  A  in  an  atmos- 
phere of  carbon  dioxide  is  shown.  The  microscopic  examination 
of  the  fused  metal  shows  unmistakable  evidence  of  the  presence  of 
some  plates,  although  they  differ  somewhat  from  those  found  in 
nitrogenized  iron  and  in  metal  fused  in  the  air  by  the  electric  arc. 
Evidently  they  are  due  to  a  different  cause  from  the  majority  of 
those  formed  in  the  iron  fused  in  air.  For  convenience,  in  the 
remainder  of  the  discussion  the  plates  in  the  arc-fused  metal  will 
be  referred  to  as  "nitride  plates.'* 

(d)  REI.ATION  OF  MiCROSTRUCTURE  TO  THE  PaTH  OF  RUP- 
TURE.— ^The  faces  of  the  fractiu-e  of  several  of  the  tension  speci- 
mens after  testing  were  heavily  plated  electrolytically  with 
copper,  so  as  to  preserve  the  edges  of  the  specimens  during  the 
polishing  of  the  section,  and  examined  microscopically  to  see  if 
the  course  of  the  path  of  ruptiu*e  had  been  influenced  to  an  appre- 
ciable extent  by  the  microstructm*al  features.  In  general,  the 
fracture  appears  to  be  intercrystalline  in  type.  Along  the  path 
of  rupture  in  all  of  the  specimens  were  smooth-edged  hollows, 
many  of  which  had  evidently  been  occupied  by  the  **  metallic 
globules  "  referred  to  above,  while  others  were  gas  holes  or  pores. 
Portions  of  the  fracture  were  intracrystalline  and  presented  a 
jagged  outline,  but  it  can  not  be  stated  with  certainty  whether 
the  needles  have  influenced  the  break  at  such  points  or  not. 
Fig.  16  shows  the  appearance  of  some  of  the  fractures  and  illus- 
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Fig.  16. — Microstrudure  of  arc-fused  steel  showing  the  relation  of  the  path 
of  rupture  produced  in  tension  to  structural  features.     X  500 

A,  Spedxnen  B-4  (Table  6);  B,  same  spedmen  as  A,  another  spot;  C,  sjiedmen  BHS  (Table  6).  The 
layer  of  copper  indicated  was  deposited  electrol]ftically  on  the  fractured  face  of  the  spedmen  to  protect 
it  during  polishing.    Etching  reagent,  3  per  cent  alcoholic  sohition  of  nitric  add 
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Fig.  17. — Microstructure  of  arc-fused  iron  showing  the  behavior  of  "nitride  plates** 
during  plastic  deformation  of  the  metal.     X  S^^ 

A  thin  slice  of  specimen  BD-a  (Table  6)  was  bent  after  ix)lishing  and  etching  with  3  per  cent  alcoholic 
nitric  add  through  an  angle  of  20**  (approximate).  A  and  B  show  that  the  "  plates"  have  an  effect  upon 
the  course  of  the  slip  bands  similar  to  that  of  grain  boundaries;  that  is.  they  cause  a  change  of  their  direc* 
tion;  C  and  D  show  that  a  **  faulting"  of  the  *'  plates"  sometimes  occurs  in  grains  which  are  very  severdy 
distorted;  Eshows  thatfracture  upon  bending  usually  starts  in  the  oxide  fihn  inclosing  "metallic  globules 
or  in  similar  unsound  areas 
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trates  that,  in  general,  the  nitride  plates  do  not  appear  to  deter- 
mine to  any  appreciable  extent  the  course  of  the  path  of  rupture. 

The  behavior  of  the  plates  under  deformation  can  best  be  seen 
in  thin  specimens  of  the  metal  which  were  bent  through  a  con- 
siderable angle.  Results  of  examination  of  welds  treated  in  this 
manner  have  been  described  by  Miller  [14].  Small  rectangular 
plates  of  the  arc-fused  metal,  approximately  three  thirty-seconds 
of  an  inch  thick,  were  polished  and  etched  for  microscopic  exami- 
nation and  were  then  bent  in  the  vise  through  an  angle  of  20*^ 
(approximate). 

In  Fig.  1 7  are  given  micrographs  illustrating  the  characteristic 
behavior  of  the  material  when  subjected  to  bending.  For  mod- 
erate distortion  the  nitride  plates  influence  the  course  of  the  sUp 
bands  in  much  the  same  way  that  grain  boundaries  do;  that  is, 
the  slip  bands  terminate  usually  on  meeting  one  of  the  plates 
with  a  change  of  direction  so  that  they  form  a  sharper  angle  with 
the  plate  than  does  the  portion  of  the  slip  band  which  is  at  some 
distance  away.  When  the  deformation  is  greater,  the  slip  bands 
occur  on  both  sides  of  the  nitride  plate,  but  usually  show  a  slight 
variation  in  direction  on  the  two  sides  of  the  nitride  plate;  this  is 
often  quite  pronounced  at  the  point  where  the  plate  is  crossed  by 
the  slip  band.  In  a  few  cases  evidence  of  the  ** faulting"  of  the 
plate  as  a  result  of  severe  distortion  was  noted.  This  was  rare, 
however,  because  of  the  nature  of  the  metal.  On  accotmt  of  the 
inclusions  and  other  featxires  of  tmsoundness  of  the  metal,  rupture 
occurs  at  such  points  before  the  sotmd  crystals  have  been  suffi- 
ciently strained  to  show  the  characteristic  behavior  of  the  plates. 
Fig.  l^e  shows  the  beginning  of  a  fractxire  arotmd  one  of  the 
metallic  globule  inclusions  before  the  siuroimding  metal  has 
been  very  severely  strained.  For  this  reason  the  influence  of  the 
plates  on  the  mechanical  properties  of  the  crystals  can  not  be 
stated  with  certainty.  It  would  appear,  however,  that  on  account 
of  the  apparently  imavoidable  tmsotmdness  of  the  metal,  any 
possible  influence  of  the  nitride  plates  upon  the  mechanical  prop- 
erties of  the  material  is  quite  negligible. 

Some  of  the  same  specimens  used  for  cold  bending  were  torn 
partially  in  two  after  localizing  the  tear  by  means  of  a  saw-cut  in 
the  edge  of  the  plate.  The  specimen  was  then  copper  plated  and 
prepared  for  microscopic  examination,  the  surface  having  been 
grotmd  away  sufficiently  to  reveal  the  weld  metal  with  the  tear  in 
it.  Fig.  18  shows  the  appearance  of  the  extreme  end  of  a  tear 
produced  in  this  manner.     The  nitride  plates  do  not  appear  to 
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have  determined  to  any  extent  the  path  taken  in  the  rupture 
produced  in  this  manner. 

3.  EFFECT  OF  HEAT  TREATMENT  UPON  STRUCTURE 

With  the  view  of  possibly  gaining  fiulher  information  as  to 
the  nature  of  the  plates  (assumed  to  be  nitride)  which  constitute 
such  a  characteristic  featxire  of  the  microstructxire,  a  series  of 
heat  treatments  was  carried  out  upon  several  specimens  of  arc- 
fused  electrodes  of  both  tsrpes.  Briefly  stated,  the  treatment 
consisted  in  quenching  the  specimens  in  cold  water  after  heating 
them  for  a  period  of  lo  or  15  minutes  at  a  temperature  consid- 
erably above  that  of  the  Acg  transformation;  925°,  950°,  and  1000° 
C  were  the  temperatxires  used.  After  microscopical  examina- 
tion of  the  different  quenched  specimens  they  were  tempered  at 
different  temperatures,  which  varied  from  650  to  925°  C  for 
periods  of  10  to  20  minutes.  The  samples  which  were  used  were 
rather  small  in  size,  being  only  one-eighth  of  an  inch  thick  in 
order  that  the  effect  of  the  treatment  should  be  very  thorough, 


Fig.  18. — Microstruciure  of  arc-fused  steely  showing  the  relation  of  the  path  of  rupture 
to  the  *'  nitride  plaUs.**     X  500 

A  thin  plate  of  metal  (specimen  of  Pig.  17)  was  slowly  torn  after  being  partially  sawed  in  two.  The  tear 
bears  no  evident  relationship  to  the  plates  that  lie  in  its  path.  Etdiing  reagent  used  before  fracturing 
the  metal,  a  per  cent  alcoholic  sohition  of  nitric  add 

and  were  taken  from  test  bars  A-2,  A-6,  AD-io,  B-2,  B-6,  and 
B-9.  These  represented  metal  which  had  been  deposited  imder 
different  conditions  of  cmrent  density  as  shown  in  Table  6. 
No  plates  were  foimd  to  be  present  in  any  of  the  specimens  after 
quenching.     Fig.  19  shows  the  appearance  of  one  of  the  quenched 
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bars,  which  condition  is  typical  of  all.  The  structure  indicates 
that  the  material  comprising  the  plates  had  dissolved  in  the 
matrix  of  iron  and  had  been  retained  in  this  condition  upon 
quenching.  The  needlelike  striations  within  the  individual 
grains  are  characteristic  of  the  condition  resulting  from  the 
severe  quenching  and  are  to  be  observed  at  times  in  steel  of  a 
very  low  carbon  content.  Fig.  20  shows  the  appearance  of  one 
of  the  A  electrodes  (five  thirty-seconds  of  an  inch)  quenched 
in  cold  water  from  1000°  C.  Some  of  the  crystals  of  the  quenched 
ron  also  show  interior  markings  somewhat  similar  in  appearance 
to  the  nitride  plates  (Fig.  206).  These  are,  however,  probably 
of  the  same  natm-e  as  the  interior  treelike  network  sometimes 
seen  in  ferrite  which  has  been  heated  to  a  high  temperatiu-e." 


Fig.  19. — Micro  structure  of  arc-fused  steel  after  quenching  in  water  from  looo^  C.     X  Soo 

The  plates  characteristic  of  the  material  (specimen  AD-io)  before  heating  have  disappeared  and  a  mar. 
tensitic  pattern  has  been  produced.    Etching  reagent,  5  per  cent  alcoholic  solution  of  picric  add 

The  striations  were  foimd  to  be  most  pronoimced  in  the  speci- 
mens of  arc-fused  metal  which  were  quenched  from  the  highest 
temperatm-es,  as  might  be  expected.  Braime  [49]  states  that 
nitride  of  iron  in  quenched  metal  is  retained  in  solution  in  the 
martensite.  The  same  may  be  inferred  from  the  statement  by 
Giesen  [43]  **that  in  hardened  steel,  it  (nitrogen)  occiu^  in  mar- 
tensite." Ruder  [28]  has  also  shown  that  nitrogenized  elec- 
trolytic iron  (three  hours  at  700^  C  in  ammonia),  after  being 
water  quenched  from  a  temperattue  of  600  to  950^  C,  shows 
none  of  the  plates  which  were  present  before  the  specimen  was 
heated. 

•  H.  S.  Rawdon  and  H.  Scott,  B.  S.  Sd.  Papers,  No.  356.  Fi8-  a^- 
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The  sets  of  specimens  (A-2,  A-6,AD-io,  B-2,B-6,  and  B-9) 
quenched  from  above  the  temperature  of  the  Ac,  transfonnation 
were  heated  to  various  temperatures,  650,  700,  800,  and  925®  C. 


B 

Fig.  20. — Micro siriuiure  of  ** carbonless**  steel  after  quenching  in  water  from  looo^  C. 

X500 
A  sample  of  electrode  metal,  type  A,  i|^  inch  diameter,  was  used,  being  maintained  lo  minutes  at  tem- 
perature before  quenching.    A,  Some  of  the  ferrite  crystals  (particularly  near  the  surface  of  the  specimen) 
show  a  faint  pattern  similar  to  that  of  Pig.  xg;  B,  other  ferrite  crystals  show  interior  markings  somewhat 
suggestive  of  the  plates  of  the  arc-fused  meUl.    Etching  reagent,  2  per  cent  alcoholic  solution  of  nitric  add 

In  all  cases  the  specimens  were  maintained  at  the  maximimi 
temperature  for  approximately  lo  to  15  minutes  and  then  cooled 
in  the  furnace.  Figs.  21  to  24,  inclusive,  siunmarize  the  result- 
ing effects  upon  the  structiu*e.  Heating  to  650°  C  is  not  sufficient 
to  allow  the  plates  to  redevelop,  but  in  the  specimens  heated 
to  700^  C  a  few  small  ones  were  found.  The  effect  is  progressively 
more  pronoimced  with  the  increased  temperatiu*e  of  tempering, 
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Fig.  21. — Microstructure  of  arc-fused  steely  Type  A,  showing  the  effect  of  heat  treatment. 

X  500 

The  specimen  A- 2  (Table  6)  was  quenched  in  water  from  approximately  1000*  C  (considerably  above 
Ac3  temperature.  Fig.  27),  and  reheated  as  shown  below.  A ,  arc-fused  metal  as  deposited;  B^  same  as  A 
after  quenching  and  subsequently  reheating  to  650"  C;  no  plates  have  formed  during  this  treatment: 
C,  a  quenched  specimen  was  reheated  to  700**  C;  a  few  plates  have  appeared;  D,  a  quenched  specimen 
was  reheated  to  800*  C;  E,  a  quenched  specimen  was  reheated  to  935*  C.  Etching  reagent,  a  per  cent 
afcohoUc  solution  of  nitric  acid 
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Fig.  22. — Microstructure  of  arc-fused  steely  type  A,  showing  the  effect  of  heat  treatment, 

X  500 
The  specimen  AD-xo  (Tabk  6)  was  qticndied  in  water  from  approximately  1000"  (C  considerably  above 
Aa  teiqperature.  Pig.  37)  and  reheated  as  shown  below.  A,  arc^fused  metal  as  deposited:  B,  same  as  A 
after  quenching  and  subsequently  reheating  to  650*  C;  no  "plates"  have  been  formed  by  this  treatment; 
C,  a  quenched  specimen  was  reheated  to  700**  C;  a  few  plates  have  appeared;  D,  a  quenched  specimen 
was  reheated  to  800**  C;  E,  a  quenched  specimen  was  reheated  to  93^°  C.  Etching  reagent,  2  per  cent  alco> 
holic  solution  of  nitric  acid 
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and  in  the  material  heated  to  925®  C  they  are  as  large  and  as 
numerous  as  in  any  of  the  arc-fused  specimens.  The  heating 
also  develops  the  islands  of  pearlite,  which  are  not  always  to  be 
distinguished  very  clearly  in  the  simple  fused  metal.  The  work 
of  Ruder  [28],  referred  to  above,  shows  that  nitrogenized  iron 
which  has  been  quenched  and  so  rendered  free  from  the  nitride 
plates  behaves  in  a  similar  manner  upon  heating  to  temperatures 
varying  from  700- to  950°  C;  the  plates  reappear  after  a  heating 
for  15  minutes  at  700®  C  (or  above),  followed  by  a  slow  cooling. 
The  similarity  in  behavior  of  the  two  is  a  f lu-ther  line  of  evidence 
that  the  arc-fused  metal  contains  more  or  less  nitrogenized  iron 
throughout  its  mass. 

The  persistence  of  the  nitride  plates  was  also  studied  in  speci- 
mens heated  at  1000°  C  in  vacuo  for  periods  of  six  and  of  foiu*  and 
one-half  hours.  A  set  of  specimens  (one  each  of  test  bars  A-D2, 
A-3,  AD-6,  A-io,  B-2,  B-4,  B-5,  and  BD-5)  was  packed  in  a 
Usalite  crucible,  and  covered  with  alimdum  **sand";  this  crucible 
was  surroimded  by  a  protecting  alimdum  tube  and  the  whole 
heated  in  an  Arsem  furnace.  A  vacuum  equivalent  to  0.2  mm 
mercury  was  maintained  for  the  greater  part  of  the  six-hour 
heating  period;  for  the  remainder  of  the  time  the  vacuiun  was 
equivalent  to  i.o  to  0.2  mm  mercury.  The  specimens  were 
allowed  to  cool  in  the  fiunace.  Ruder  [24]  has  stated  that  one 
hoiu-*s  heating  in  vacuo  at  1000®  C  was  sufficient  to  cause  a  marked 
diminution  in  the  niunber  of  plates  in  both  arc-weld  material 
and  nitrogenized  iron,  and  that  at  1200®  C  they  disappeared 
entirely. 

The  results  obtained  are  shown  in  Fig.  25.  In  contradis- 
tinction to  Ruder's  work,  the  plates  are  more  conspicuous  and 
larger  than  before,  and  the  oxide  specks  are  larger  and  fewer 
in  number.  It  would  appear  that  the  conditions  of  the  experi- 
ment are  favorable  for  a  migration  of  the  oxide  through  an 
appreciable  distance  and  for  a  coalescing  into  larger  masses. 
The  oxide  is  eliminated  entirely  in  a  stuiace  layer  averaging 
approximately  0.15  mm  in  depth.  Only  in  projections  (right- 
angled  comers,  sections  of  threads  of  the  tension  bar,  etc.)  was 
there  any  removal  of  the  nitride  plates  by  the  action  of  the  con- 
tinued heating  in  vacuo.  This  is  shown  in  Fig.  26c,  which 
illustrates  the  removal  of  the  oxide  inclusions  also.  No  evi- 
dence was  found  that  the  small  amoimt  of  carbon  present  in  the 
arc-fused  metal  is  eliminated,  particularly  very  far  beneath  the 
surface. 
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Fig.  23. — Micros tructure  of  arc-fused  steel,  type  B,  showing  the  effect  of  heat  treatment, 

X  500 
The  specimen  B-a  (Table  6)  was  quenched  in  water  from  approximately  1000*  C  and  reheated  as  shown 
below.  A,  arc-fused  metal  as  deposited;  B,  a  quenched  specimen  was  Treated  to  650"  C;  no  plates  have 
appeared  after  this  treatment;  C.  a  quenched  specimen  was  reheated  to  700*  C;  a  few  plates  have  appeared; 
D,  a  quenched  specimen  was  reheated  to  800"  C;  £.  a  quenched  specimen  was  reheated  to  925**  C.  Etch- 
ing reagent,  3  per  cent  alcoholic  solution  of  nitric  add 
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Fig.  24. — Microstructure  of  arc-fused  steel,  type  B,  showing  the  effect  of  heat  treatment. 

X  500 

The  specimen  B-9  (Table  6)  was  quenched  in  water  from  approximately  zooo*  C  and  reheated  as  shown 

below.    A,  arc-fused  metal  as  deposited;  B,  a  quendied  specimen  was  reheated  to  650**  C;  no  plates  were 

formed  by  this  treatment;  C,  a  quenched  specimen  was  reheated  to  700**  C;  a  few  plates  have  appeared: 

D,  a  quenched  specimen  was  reheated  to  925   C .    Etdiing  reagent,  2  per  cent  alcoholic  sohition  of  nitric  add 
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Fig.  I2C  illustrates  an  interesting  exception  to  the  rule  that 
the  nitride  plates  are  flat.  In  the  metallic  globule  inclusion 
shown  the  plates  have  a  very  pronounced  curve.  The  general 
appearance  suggests  that  the  ** metallic  globules'*  solidified  under 
a  condition  of  constraint,  and  that  this  condition  still  persists 
even  after  the  six  hours'  heating  at  looo®  C  which  the  specimen 
received. 

Several  of  the  specimens  which  were  heated  in  vacuo  were 
analyzed  for  nitrogen.     The  results  are  given  in  the  table  below. 

TABLE  9.— Chtnge  in  Nitrogen  Content  of  Arc-Fused  Metal  upon  Heating  <> 


Weigbt 
sample 

Hours 
of  heat- 
ing in 
vacuo  at 
1000*  C 

Average  nitrogen  content 

Specimen 

Before 
heating 

After 
heating 

Loss 

A-3 

Grams 
1.39 
6.0 
1.62 
1.16 
1.28 
1.76 
2.23 

6 
6 
6 

6 

lOK 
lOK 
lOH 

Percent 
a  127 
.124 
.140 
.121 
.149 
.152 
.134 

Percent 
a062 
.078 
.059 
.054 
.043 
.050 
.061 

Percent 
51 

B-4 

37 

Bl>-5 

57 

B-5 

AD-2 

B-2 

AI>-6 

55 

71 
67 
54 

o  The  method  used  for  the  determination  of  the  nitrogen  gives  only  the  nitride  nitrogen;  hence  a  possible 
explanation  for  the  cliange  in  the  nitrogen  content  is  that  it  has  been  converted  into  another  form  than 
nitride  and  may  not  have  been  eliminated  as  the  results  apparently  indicate. 

The  fact  that  the  specimens  lose  nitrogen  upon  heating,  although 
the  amount  remaining  is  still  many  times  the  nitrogen  content  of 
the  metal  before  fusion,  coupled  with  the  fact  that  the  "nitride 
plates  "  are  larger  and  more  conspicuous  after  heating  than  before, 
suggests  very  strongly  that  these  plates  are  not  simple  nitride  of 
iron.  In  some  of  the  specimens  heated  in  vacuo  at  looo®  C  for 
the  longer  period  many  of  the  crystals  contain  the  smaller  or 
secondary  lines  (Fig.  26a),  previously  referred  to  (p.  33).  This 
would  indicate  that  these  secondary  lines  represent  a  transition 
stage.  In  some  of  the  crystals  (Fig.  266)  the  lines  have  assumed 
an  appearance  which  suggests  that  they  are  a  crystalline  phe- 
nomenon somewhat  similar  to  Neumann  bands. 

4.  THERMAL  ANALYSIS  OF  ARC-FUSED  STEEL ' 

In  order  to  throw  fmther  light  on  the  nattu-e  of  the  plates 
(nitride)  foimd  in  the  metal  after  fusion  in  the  arc,  the  thermal 
characteristics  of  the  electrode  material  before  and  after  fusion 
as  revealed  by  heating   and   cooling   ctu-ves  were  determined. 

'  Credit  is  due  to  Howard  Scott,  assistant  physicist,  for  the  worlc  described  in  this  section. 
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Fig.  25. — Microstruciure  of  arc-fused  iron  showing  the  effect  of  heating  in  vacuo  at  a 

high  temperature.     X  joo 

The  specimens  were  heated  continuously  for  6  hours  at  xooo**  C  in  vacuo.  A,  specimen  AD-a,  initial 
structure;  B,  same  as  A,  after  heating;  C,  specimen  B-4.  initial  structure;  D,  same  as  C  after  heating; 
E,  specimen  A-zo,  initial  structure;  F,  same  as  E.  after  heating.  D,  D,  and  F  all  show  some  cementite 
at  grain  boundaries  which  resulted  from  the  "divorcing"  of  pearlite.  Many  of  the  plates  appear  to  have 
been  influenced  in  their  position  by  an  oxide  globule.  Etching  reagent,  2  per  cent  alcoholic  sohitioa  ol 
nitric  add 


Digitized  by 


Google 


50  Technologic  Papers  of  the  Bureau  of  Standards 


B 


Fig.  26. — Microstructure  of  arc-fused  steel  showing  the  effect  of  prolonged   heating   at 

high  temperature 

A,  specimen  AD-2  (Table  6)  was  heated  in  vacuo  for  loH  hours  at  looo**  C  in  stages  of  6  and  4^  hours; 
two  generations  of  "plates"  have  appeared  after  this  treatment.  X  500:  B,  specimen  AD-6  (Table  6)  heated 
as  in  A  above;  the  plates  which  have  persisted  are  relatively  large  and  resemble  Neumann  bands  in  ap{)ear- 
ance.  X  500;  C,  specimen  AD-io  (Table  6)  heated  6  hours  in  vacuo  at  1000 **  C;  the  micrograph  represents 
a  comer  of  tb«  specimen;  the  oodde  and  the  "nitride  plates"  have  been  removed  at  the  exposed  comer. 
X  xoo 
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Samples  of  a  three-sixteenths-inch  electrode  of  type  A  and  of 
the  specimen,  A-5,  which  resulted  from  the  fusion  were  used  as 
material  (composition  in  Tables  3  and  6). 

In  Fig.  27  are  given  the  etudes  obtained  which  show  the  char- 
acteristic behavior  of  the  arc-fused  metal  upon  heating.  The 
commonly  used  inverse-rate  method  was  employed  in  plotting 
the  data;  the  details  of  manipulation  and  the  precautions  neces- 
sary for  the  thermal  analysis  have  already  been  described.*  In 
Table  10  are  summarized  liie  data  shown  graphically  in  Fig.  27. 

TABLE  10.— The  Thennal  Characteristics  of  Arc-Fused  Iron 

UNFUSBD  ELBCTRODB 


Rate 

Acs 

nuud' 
intiiii 

Ac, 

Ar, 

of  . 
It— rtwj 

and 
cooUng 

-e- 

Maxi- 
mmn 

Bnd 

Maxi- 
mum 

atim 

Time 
atwre 

'X- 

Maxi- 
mum 

Bad 

Art 

mazt- 
mum 

•Ci«^ 

<>ai6 

•c 

768 
765 

•c 

892 

897 

•c 

910 
911 

•c 

918 
916 

•c 

960 
960 

Mhrates 

•c 

896 
895 

•c 

893 
891 

•c 

879 
879 

•c 

766 

a. 15 
.15 

766 

ARC-FUSBD  MBTAL  h 


a  14 

764 
764 
764 
766 

847 
849 
844 
850 

874 
876 
870 
874 

960 
985 
960 
1035 

28 

29 
256 

847 
847 
847 
848 

838 

836 
837 
835 

820 
822 
821 
816 

764 

.13 

764 

.13 

765 

.13 

764 

o  Heated  at  rate  of  o.z6*  C  per  second,  cooled  at  0.Z5*  C  per  second;  for  other  specimens  the  rate  of  cooling 
ectualed  the  rate  of  heating, 
b  The  same  specimen  was  heated  four  times  in  succession,  as  shown. 

The  principal  change  to  be  noted  which  has  resulted  from  the 
arc  fusion  of  the  iron  is  in  the  Ag  transformation.  This  is  now 
very  similar  to  the  corresponding  change  observed  in  a  very  mild 
steel  (for  example,  approximately  0.15  per  cent  carbon).  That 
the  difference  in  the  Ag  transformation  of  the  arc-fused  metal  as 
compared  with  that  of  the  original  electrode  is  not  due  to  an 
increase  in  the  carbon  content  is  evident  from  the  lack  of  the 
sharp  inflection  of  the  Ai  transformation  ('*  pearlite  point  '*) ,  which 
would,  of  necessity,  be  foimd  in  a  low-carbon  steel.  No  evidence 
of  the  Ai  change  was  observed  for  the  arc-fused  iron  within  the 
range  of  temperature,  1 50  to  950®  C.  The  change  in  the  character 
of  the  Ag  transformation  is  without  doubt  to  be  attributed  to  the 
influence  of  the  increased  nitrogen  content  of  the  iron. 

*  H.  Soott  and  J.  R.  Freeman,  B.  S.  ScL  Papers,  Na  348. 
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The  specimen  was  maintained  above  the  temperature  of  the  A, 
transformation  for  a  total  period  (fom-  heatings)  of  six  hours,  the 


B 

Fig.  28. — Microstriicture  of  the  arc-fused  metal  used  in  thermal  analysis.  X  500 

The  specimen  A-5  was  heated  four  times  as  shown  in  Fig.  37.  The  total  length  of  time  above  the  tem- 
perature of  the  Acs  transformation  was  6  hours.  A,  initial  structure  as  fused;  B,  structtire  after  heating. 
Etching  reagent,  3  per  cent  alcoholic  solution  of  nitric  acid 

maximum  temperatiu-e  being  1035°  C.  The  transformation 
apparently  is  imaffected  by  the  long-continued  heating,  thus 
confirming  the  results  described  in  the  preceding  section.     In 
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Fig.  28  are  given  micrographs  to  show  the  change  of  structure 
occturing  in  the  specimen. 

In  discussing  the  properties  of  steel  nitrogenized  by  melting  it 
in  nitrogen  imder  pressure,  Andrew  [38]  states  that  it  was  found 
possible  to  extract  almost  entirely  the  small  quantities  of  nitrogen 
by  heating  a  specimen  at  1000®  C  in  vacuo  for  periods  of  one  to 
six  horn's.  The  metal  used  contained  0.16  per  cent  carbon  and 
0.3  per  cent  nitrogen.  Thermal  curves  are  given  to  show  that 
there  are  no  critical  transformations  in  the  material;  the  nitrogen 
suppresses  them.  They,  gradually  reappear,  however,  as  the 
nitrogen  is  removed  by  heating  the  material  in  vacuo  at  1000°  C. 
Several  days'  heating  was  required,  however,  to  obtain  an  entirely 
degasified  product,  the  carbon  also  being  removed.  A  further 
statement  is  made  that  a  steel  of  0.6  per  cent  carbon  content 
containing  0.25  per  cent  nitrogen  can  be  brought  back  to  the 
normal  state  of  a  pure  steel  only  by  several  weeks'  heating  in 
vacuo. 

The  results  of  the  thermal  analysis  add  considerable  confirma- 
tory evidence  to  support  the  view  that  the  plates  existing  in  the 
arc-fused  metal  are  due  to  the  nitrogen  rather  than  to  carbon. 

Vm.  DISCUSSION  OF  RESULTS 

In  any  consideration  of  electric-arc  welding  it  should  be  con- 
stantly borne  in  mind  that  the  weld  metal  is  simply  metal  which 
has  been  melted  and  has  then  solidified  in  situ.  The  weld  is 
essentially  a  casting,  though  the  conditions  for  its  production  are 
very  different  from  those  ordinarily  employed  in  the  making  of 
steel  castings.  The  metal  loses  many  of  the  properties  it  possesses 
when  in  the  wrought  form,  and  hence  it  is  not  to  be  expected  that 
a  fusion  weld  made  by  any  process  whatever  will  have  all  the 
properties  that  metal  of  the  same  composition  would  have  when 
in  the  forged  or  rolled  condition.  A  knowledge  of  the  character- 
istic properties  of  the  arc-fused  iron  is  then  of  fundamental 
importance  in  the  study  of  the  electric-arc  weld. 

The  peculiar  conditions  imder  which  the  fusion  took  place  also 
render  the  metal  of  the  weld  quite  different  from  similar  metal 
melted  and  cast  in  the  usual  manner.  It  is  seemingly  impossible 
to  fuse  the  metal  without  serious  imperfections.  The  mechanical 
properties  of  the  metal  are  dependent,  therefore,  to  an  astonishing 
degree  upon  the  skill,  care,  and  patience  of  the  welding  operator. 
The  very  low  ductility  shown  by  specimens  when  stressed  in  ten- 
sion is  the  most  striking  featin-e  observed  in  the  mechanical 
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properties  of  the  material  as  revealed  by  the  tension  test.  As 
explained  above,  the  measured  elongation  of  the  tension  specimen 
does  not  truly  indicate  a  property  of  the  metal.  Due  to  the 
unsotmdness,  already  described  in  the  discussion  of  the  structure, 
the  true  properties  of  the  metal  are  not  revealed  by  the  tension 
test  to  any  extent.  The  test  measures,  largely  for  each  particular 
specimen,  the  adhesion  between  the  successively  added  layers, 
which  value  varies  considerably  in  different  specimens  on  account 
of  the  tmsotmdness  caused  by  imperfect  fusion,  oxide,  and  other 
inclusions,  tiny  inclosed  cavities,  and  similar  tmdesirable  features. 
The  elongation  measured  for  any  particular  specimen  is  due 
largely,  if  not  entirely,  to  the  increase  of  length  due  to  the  com- 
bined effect  of  the  numerous  tiny  imperfections  which  exist 
throughout  the  sample. 

That  the  metal  is  inherently  ductile,  however,  is  shown  by  the 
behavior  upon  bending  as  recorded  in  the  microstructture  of  the 
bent  specimen.  The  formation  of  slip  bands  within  the  ferrite 
grains  to  the  extent  which  was  observed  is  evidence  of  a  high  degree 
of  ductility.  It  appears,  however,  that  the  grosser  imperfections 
are  sufficient  to  prevent  any  accurate  measurement  of  the  real 
mechanical  properties  of  the  metal  from  being  made.  The  con- 
clusion appears  to  be  warranted,  therefore,  that  the  changes  of 
composition  which  the  fusion  entails,  together  with  the  unusual 
feattures  of  microstructture  which  accompany  the  composition 
change,  are  of  minor  importance  in  determining  the  strength, 
diurability,  and  other  properties  of  the  arc  weld. 

The  view  that  the  characteristic  features  observed  in  the 
structtu-e  of  the  arc-fused  iron  are  due  to  the  increased  nitrogen 
content  is  supported  by  several  different  lines  of  evidence.  These 
include  the  Ukeness  of  the  structiure  of  the  material  to  that  of 
piure  iron  which  has  been  *'nitrogenized,**  the  similarity  in  the 
behavior  of  both  arc-fused  and  nitrogenized  iron  upon  heating, 
the  evidence  shown  by  thermal  analysis  of  the  arc-fused  metal, 
together  with  the  fact  that,  as  shown  by  chemical  analysis,  the 
nitrogen  content  increases  dtuing  fusion  while  the  other  elements, 
aside  from  oxygen,  decrease  in  amoimt.  The  characteristic  form 
in  which  oxide  occturs  in  iron,  together  with  its  behavior  upon  heat- 
ing, renders  very  improbable  the  assumption  that  the  oxide  is 
responsible  for  the  plates  observed  in  the  material. 
-  In  arc-fusion  welds  in  general,  the  mass  of  weld  metal  is  in 
intimate  contact  with  the  parts  which  are  being  welded,  so  that 
it  is  claimed  by  many  that  because  of  the  diffusion  and  inter- 
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mingling  of  the  metal  imder  repair  with  that  of  the  weld  the 
properties  of  the  latter  are  considerably  improved.  The  com- 
parison shown  in  the  table  below  somewhat  supports  this  claim. 
The  nearest  comparison  found  available  with  this  Bureau's 
specimens  are  some  of  those  of  the  welds  designated  as  the  **  Wirt- 
Jones"  series  reported  by  H.  M.  Hobart  [1].  These  welds  were  of 
the  45°  double- V  type  made  in  one-half -inch  ship  plate;  the 
specimens  for  test  were  of  imiform  cross  section  i  by  one-half 
inch,  the  projecting  metal  at  the  joint  having  been  planed  oflf 
even  with  the  surface  of  the  plates  and  the  test  bars  were  so 
taken  that  the  weld  extended  transversely  across  the  specimen 
near  the  center  of  its  length.  The  electrodes  used  were  similar  to 
those  designated  as  type  B  in  this  Biu'eau's  investigation. 

TABLE  11. — Comparison  of  Mechanical  Properties  of  Welds  with  Results  of  Tests 
of  Arc-Fused  Metal  Prepared  under  Similar  Conditions 


Bureau  of  Standards 

Wlrt-Jones 

1 
Diameters  of          Direct        ^SSHSfl* 
electrodes            current     ^    gtrength 

in  2  inches  of  electrode  o 

p.,,^        Ultimate 
^^'^^     1    strength 

Elongation 
in  2  inches 

1/8  inch  o 

Amp. 
110 
110 
110 

Lb8./ta.« 
52  650 
49  050 
44  400 

Per  cent   , 

7.5  i  1/8 inch... 
9.0    1/8  inch... 
6.5  '  1/8  inch 

Amp.      j    Lbs./in.> 
110            45  800 
115            58  200 
115            59  400 

Per  cent 

8.0 

1/8  inch  6 

14.0 

1/8  inch  (» 

13.5 

1/8  inch.. 

120 
120 

53  700 
57  600 

7.0 

1/8  inch... 

Average. 

11/64  inch . 
5/32  inch. 

8.5 

Average. 

48  700 

7.7 

54  940 

10.2 

145 
145 
145 

150 
155 

5/32incha 

5/32  inch  6 

5/32  inch  ft 

46  450 
48  130 
41  750 

5.0 
8.0 

60  900 
62  600 

8.0 
11.5 

Average. 

Average. . . . 

45  440 

6.3 

61  750 

9.8 

185 
185 
185 

5/32incha 

5/32  inch  fr 

49  600 
49  086 
47  100 

7.5 
12.5 
11.0 

11/64  inch . 

175 

59  800 

9.0 

5/32  inch  b 

1 

Average 

48  595 

ia3 

1 

o  Blectrodes  were  used  in  bare  condition. 


*  Electrodes  were  coated  as  previously  described. 


Since  the  specimens  used  in  work  described  in  the  foregoing 
sections  were  prepared  in  a  manner  quite  different  from  the 
usual  practice  of  arc  welding,  no  definite  recommendations 
applicable  to  the  latter  can  be  made.  It  appears,  however,  from 
the  results  obtained  that  the  two  types  of  electrodes  used — that 
is,  **pure"  iron  and  low-carbon  steel — should  give  very  similar 
results  in  practical  welding.     This  is  due  to  the  changes  which 
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occiir  durirg  the  melting,  so  that  the  resulting  fusions  are  essen- 
tially of  the  same  composition.  The  use  of  a  slight  coating  on 
the  electrodes  does  not  appear  to  be  of  any  material  advantage  so 
far  as  the  properties  of  the  resulting  fused  metal  are  concerned. 
Since  the  program  of  work  as  carried  out  did  not  include  the  use 
of  any  of  the  covered  electrodes  which  are  highly  recommended  by 
many  for  use  in  arc  welding,  particularly  for  "overhead  work,*' 
no  data  are  available  as  to  the  effect  of  such  coatings  upon  the 
properties  of  the  metal  resulting  from  fusion.  Although  all  of 
the  specimens  used  in  the  examinations  were  made  by  the  use  of 
direct  current,  it  appears  from  the  results  obtained  with  a  con- 
siderable munber  of  welds  representing  the  use  of  both  kinds  of 
cturent,  submitted  for  the  preliminary  examinations,  that  the 
properties  of  the  fused  metal  are  independent  of  the  kind  of 
cinrent  and  are  influenced  primarily  by  the  heat  of  fusion.  Any 
difference  in  results  obtained  by  welding  with  alternating  cinrent 
as  compared  with  those  obtained  with  direct  current  apparently 
depends  upon  the  relative  ease  of  manipulation  during  welding 
rather  than  upon  any  intrinsic  effect  of  the  current  upon  prop- 
erties of  the  metal. 

DL  SUMMARY 

1.  A  fusion  weld  is  fundamentally  different  from  all  other  types 
in  that  the  metal  of  the  weld  is  essentially  a  casting.  The  arc- 
fusion  weld  has  characteristics  quite  different  from  other  fusion 
welds.  A  preliminary  study  of  a  considerable  ntunber  of  specimens 
welded  under  different  conditions  confirmed  this  general  opinion 
concerning  arc  welds.  A  knowledge  of  the  properties  of  the  arc- 
fused  metal  is  fimdamental  in  any  study  of  electric-arc  welding. 

2.  Blocks  of  arc-fused  metal  of  size  large  enough  to  permit  a 
tension  specimen  (0.505  inch  diameter,  2-inch  gage  length)  to  be 
taken  from  each  were  made  imder  different  conditions  of  fusion. 
Two  types  of  electrodes,  a  '*  pure  '*  iron  and  a  mild  steel,  were  used 
in  the  bare  condition  and  also  after  receiving  a  slight  coating. 
With  these  were  included  a  set  of  similar  specimens  prepared  out- 
side of  this  Biureau  by  expert  welding  operators. 

3.  During  the  fusion  the  composition  of  the  metal  of  both  types 
of  electrodes  is  changed  considerably  by  the  bmning-out  of  the 
carbon  and  other  elements,  and  the  two  become  very  much  alike 
in  composition.  A  very  considerable  increase  in  the  nitrogen  con- 
tent occurs  at  the  same  time. 
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4.  The  mechanical  properties  of  the  arc-fused  metal  as  measured 
by  the  tension  test  are  essentially  those  of  an  inferior  casting. 
The  most  striking  feature  is  the  low  ductility  of  the  metal. 

5.  All  of  the  specimens  showed  evidence  of  imsoimdness  in  their 
structure,  tiny  inclosed  cavities,  oxide  inclusions,  lack  of  intimate 
union,  etc.  These  features  of  imsoimdness  are,  seemingly,  a  neces- 
sary consequence  of  the  method  of  fusion  as  now  practiced.  They 
determine  almost  entirely  the  mechanical  properties  of  the  arc- 
fused  metal.  The  observed  elongation  of  the  specimen  imder  ten- 
sion is  due  to  the  combined  action  of  the  numerous  unsotmd  spots 
rather  than  to  the  ductility  of  the  metal.  That  the  metal  is  inher- 
ently ductile,  however,  is  shown  by  the  changes  in  the  micro- 
structure  produced  by  cold  bending.  By  taking  extreme  precau- 
tions dining  the  fusion,  a  great  deal  of  the  imsotmdness  may  be 
avoided  and  the  mechanical  properties  of  the  metal  may  be  con- 
siderably improved.  However,  the  specimens  as  described  are 
more  representative  of  actual  present  practice  in  welding. 

6.  A  very  characteristic  featiure  of  the  microstructure  of  the 
arc-fused  metal  is  the  presence  of  numerous  plates  within  the 
ferrite  crystals,  arranged  usually  along  crystallographic  planes. 
These  persist  in  the  metal  after  prolonged  heating;  for  example, 
ten  hours  at  1000°  C  in  vacuo  does  not  remove  them.  The  various 
lines  of  evidence  available  indicate  that  they  are  related  to  the 
nitrogen  content  of  the  metal,  which  is  increased  dining  the  fusion. 

7.  Upon  heating  the  metal  above  the  temperature  of  the  Acj 
transformation,  the  nitride  enters  into  solid  solution  in  the  ferrite 
and  is  retained  so  by  quenching.  Upon  heating  this  quenched 
metal,  the  plates  reappear  and  begin  to  show  at  a  temperature  of 
approximately  700®  C.  The  effect  of  nitrogen  upon  the  Axg  trans- 
formation is  very  similar  to  that  of  an  equal  amount  of  carbon. 
However,  there  is  no  evidence  of  a  transformation  corresponding  to 
the  Aj  or  the  pearlite  change  due  to  the  nitrogen  in  the  steel. 

8.  The  microscopic  examination  indicates  that  there  is  but 
little,  if  any,  relation  between  these  nitride  plates  and  the  path 
of  rupture  produced  by  tension.  The  effect  of  grosser  impa^ec- 
tions  of  the  metal  is  so  much  greater  than  any  possible  effect  of 
the  nitride  plates  in  determining  the  mechanical  properties  that 
the  conclusion  appears  to  be  warranted  that  this  feature  of  the 
structure  is  a  matter  of  relatively  minor  importance  in  ordinary 
arc  welds. 
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9.  Judged  from  the  results  obtained,  neither  type  of  electrode 
appears  to  have  a  marked  advantage  over  the  other.  The  use  of  a 
slight  protective  coating  on  the  electrodes  does  not  appear  to 
affect  materially  in  any  way  the  mechanical  properties  of  the  arc- 
fused  metal. 

ID.  The  specimens  were  prepared  in  a  manner  quite  different 
from  that  used  ordinarily  in  electric-arc  welding,  and  the  results 
do  not  justify  any  specific  recommendations  concerning  methods 
of  practice  in  welding. 

Credit  is  due  to  H.  L.  Whittemore  and  R.  W.  Woodward  for 
aid  in  the  necessary  mechanical  testing,  and  to  F.  H.  Tucker 
for  the  general  chemical  analyses  made. 

Washington,  June  7,  1920. 
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-Note- 


H.  E     Uheeler     tSI^S  ^?  ^^eel,    and  the  Erosion  of  Guns" 

constituent  ~a  maSJJi'^  i^*.*°  the  aesmnption  that  this 
m  many  of  th^  "~«Mt^l^?fiJ"'lf^?'^^v''^  *"«*  "*°  f"""! 

'«y  elnllax  tf  oementf?!^^,'^*  "*'  """^  *"«  edge 
Peatlite.     It  hadTMn^J^*?J°^J'  ^°  partiaXly  divorced 
Ute  islande"  c^aes^   fj^'  '""e'er,   that  these  "pear- 
*aped  ap^lreSo°l1h^:?li°g?S??aJxTloSn5f*'"'  -"  --SUlar. 

Ptove'Jhe"^*^??  »•»  ^^n"?""""**  »««*«  failed  to 

Similarity  in  behavioU  J^^JfS     I  t.?*  °isht  appear  from  the 
l^  ne.tes^{l^^Til\Tllo^  ^tt^i^S^^\^^^^  ot  the  needles 
tuent  owes  its  eSat™!  Jf°J^»i*=ide),   that  this  oonsti- 
^^ough  there  i%^SJl!^  pro J?%?r%"S^ '^^^  S£  nitrogen. 
*aount  of  carbon     aa  indi?f  JfJ  v       J^^®'     ''Aether  the  small 
Pjesent  in  the  S4ta?    SS  a  oontJiS^^^^^J  analysis  to  be 
the  formation  of  thin  p ^o?4 1    *f ^^^*°'y  influence  toon 

gJUde  eutectJlV?h^i^--3Sb'e?L%1aX  Jvld^ncS"?:^"" 
December  39,   1930. 


Digitized  by 


Google 


Digitized  by 


Google 


-Note- 
Doubt  has  axisen  from  the  results  of  some  special 
etching  tests,  described  by  C.  F.  Comstock  in  his  dis- 
cussion of  "Nitrogen  in  Steel,  and  the  Erosion  of  Guns", 
H4  E  VTheeler,  Trans,  Amer.  Inst,  of  Mining  and  Met*  i-ngrs,, 
1920,  eLjM.   tried  out  by  the  authors  several  months  follow- 
ing the  preparation  of  this  paper,  as  to  the  correctness 
of  the  identification  of  the  microconstituent  designated 
as  "pearlite  islands"  (See  Figs,  Sle  and  24e),   The  strong 
similarity  In  appearance  of  these  "pearllte  Islands"  to 

the  pearllte  in  ordinary  low-carbon  steels,  as  developed 
by  the  usual  etching  reagents,  picric  acid,  nitric  acid, 
etc,  and  apparent  oompatabillty  of  the  carbon  content  of 
the  arc-fused  iron  with  the  extent  of  the  "pearllte 
islaz^a"  noted,  naturally  led  to  the  assumption  that  this 
constituent  was  pearllte^  particularly  as  there  was  found 
in  many  of  the  "pearllte  Islands"  in  the  slowly-cooled 
samples  a  border  that  extended  part  way  aro\ind  the  edge 
VBXy   similar  to  cementlte  atolls  in  partially  divorced 
pearllte.   It  had  been  noted,  however,  that  these  "pear- 
llte Islands"  possessed  in  many  cases  a  rather  more  ajigulsir- 
shaped  appearance  than  is  generally  found. 

The  results  of  the  above-mentioned  teats  failed  to 
prove  these  ^pearllte  Islands"  to  be  really  pearllte  as 
usually  formed  in  carbon  steels.  It  might  appear  from  the 
similarity  In  behavior  during  etching  to  that  of  the  needles 
or  plates  (assumed  to  be  iron  nitride),  that  this  consti- 
tuent owes  its  existence  to  the  press  nee  of  nitrogen, 
'"lough  there  is  no  clear  proof  for  this.  Whether  the  small 
amoxint  of  ceirbon,  as  Indicated  by  chemical  smalysls  to  be 
present  In  the  metal,  had  a  contributory  inflxaence  V5)on 
the  formation  of  this  constituent  or  not  is  not  clear, 
Wilson  (Ohem,  &  Met.  Chem.  23l,   p.  1161,  1930)  definitely 
states  that  this  pearllte-llke  constituent  is  an  iron-Iron 
nitride  eutectoid  though  no  substantiating  evidence  is 
given, 

December  39,  1930, 
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1.  INTRODUCTION 

One  of  the  great  diflBiculties  encountered  in  the  operation  of  an 
ammonia  absorption  refrigeration  machine  is  the  formation  of 
foul  or  noncondensing  gases.  The  presence  of  these  gases  is 
usually  indicated  by  the  increase  in  the  operating  pressure  of  the 
ammonia  plant.  If  a  sample  of  liquor  from  the  generator  of  such 
a  plant  be  taken,  it  will  always  be  colored  a  deep  brown  and  will 
deposit  a  sediment  upon  standing,  thereby  showing  that  corrosion 
has  accompanied  the  gas  formation  within  the  generator.  How- 
ever, the  corrosion  of  the  interior  of  the  generator  is  of  secondary 
importance.  The  foul  gas  causes  the  most  trouble,  since  the 
plant  must  be  purged  of  this  gas  just  as  often  as  it  forms,  with 
resulting  loss  of  ammonia.  The  presence  of  foul  gas  makes  it 
necessary  to  operate  the  plant  at  higher  temperatures  and  pres- 
sures, thereby  causing  greater  leakage,  more  corrosion,  more 
danger  from  possible  explosions,  and  increased  wear  on  the  plant. 
The  noncondensing  nature  of  the  gas  causes  decreased  efficiency 
of  the  compressor  and  consequently  decreased  efficiency  of  opera- 
tion of  the  refrigeration  plant  as  a  whole. 

In  order  to  study  the  composition  of  the  gases  formed,  samples 
from  a  number  of  plants  were  collected  and  analyzed.     The  per- 

^  This  investigation  was  completed  prior  to  the  death  in  November,  1919,  of  the  senior  author,  but  the 
manuscript  was  prepared  mbsequently  by  the  junior  author. 
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centage  composition  of  the  different  samples  varied  considerably, 
but  in  every  case  the  gas  consisted  of  nitrogen,  hydrogen,  and  oxy- 
gen. In  some  cases  the  hydrogen  content  was  as  high  as  98  per 
cent,  while  in  others  it  was  as  low  as  i  or  2  per  cent.  Where  the 
hydrogen  content  was  very  small  in  amotmt  the  nitrogen  content 
was  very  large,  and  vice  versa.  The  oxygen  was  usually  only  a 
minor  constituent  and  was  never  present  in  any  appreciable 
quantity  unless  the  nitrogen  content  was  very  high.  It  was  soon 
recognized  that  the  nitrogen  and  hydrogen  must  come  from 
different  sources  and  could  not  come  from  the  decomposition  of 
the  ammonia,  even  though  in  many  cases  the  gases  were  present 
in  approximately  the  proportions  to  form  ammonia.  Ammonia 
will  not  decompose  into  its  constituents  under  the  conditions  of 
operation  of  an  absorption  plant.  However,  there  was  a  possi- 
bility of  the  formation  of  nitrides  or  amines.  Some  of  the  sludge 
from  the  absorption  plant  at  the  Bureau  of  Standards,  which  was 
giving  much  trouble  at  that  time,  was  tested  for  these  by  dissolv- 
ing in  acid,  making  the  solution  alkaline  and  distilling  into  standard 
acid.  Under  this  treatment  ammonia  would  be  produced  if  any 
amines  or  nitrides  were  present.  There  was,  however,  no  evidence 
of  the  presence  of  either  of  these  compounds.  This  fact  pointed 
strongly  toward  the  conclusion  that  in  those  plants  where  nitro- 
gen, or  a  mixture  of  nitrogen  and  oxygen,  was  found  in  the  gas, 
these  impurities  were  caused  by  air  that  had  leaked  into  the 
system.  The  action  of  air  within  such  a  system,  therefore,  was 
one  of  the  points  that  were  studied.  The  presence  of  hydrogen 
had  to  be  explained  in  another  manner,  and  its  presence  in  such 
large  quantities  as  were  found  in  some  plants  could  not  be  ac- 
coimted  for  on  the  basis  of  the  interaction  of  either  pure  water  or 
pure  ammonia  with  the  iron.  Therefore  the  effect  of  possible 
impurities  in  ammonia  upon  its  corrosive  action  was  studied  in 
order  to  find  out  definitely,  if  possible,  if  these  might  be  the  cause 
of  gas  formation  and,  if  so,  to  devise  a  means  of  overcoming  the 
diflSculty. 

The  experimental  work  consisted  in  trying  to  reproduce  plant 
conditions  in  the  laboratory  in  as  simple  a  manner  as  possible 
and  in  such  a  way  as  to  control  at  will  the  various  factors  involved. 
All  the  experiments  were  carried  out  in  a  bomb  which  consisted 
of  a  piece  of  4-inch  steel  pipe  closed  at  each  end  by  a  blind  flange 
with  a  female  recess,  and  clamped  together  by  means  of  four  bolts 
(Fig.  i).  The  bomb  was  provided  with  an  outlet  for  aqua  am- 
monia, consisting  of  a  steel  tube  8  inches  long  passing  through 
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Fig.  I. — Paris  of  experimental  bomb  used  in  corrosion  tests 

A.  top  flange  showing  dark  coating  of  oxide  formed  where  gas  was  in  contact  with  iron;  B, 
iMttom  flange  showing  bright  metal  where  corrosion  took  place  under  the  liquid*  C,  pipe 
clamped  between  flanges  showing  corrosion  at  D  where  metal  was  under  liquid;  E,  sludge 
formed  in  bomb  when  air  was  introduced  into  bomb  containing  aqua  ammonia  and  the 
charge  was  heated. 
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the  top  flange  and  reaching  to  the  bottom  of  the  bomb.  Another 
tube,  which  passed  through  the  top  flange,  was  used  for  taking 
gas  samples.  A  third  outlet  was  coimected  to  a  pressure  gage. 
The  bomb,  after  charging,  was  heated  by  means  of  an  electrically 
heated  oil  bath,  the  temperature  of  which  could  be  kept  constant 
within  a  few  degrees.  It  would  have  been  more  satisfactory  in 
reproducing  plant  operating  conditions,  especially  where  air  was 
intentionally  added  to  the  bomb,  if  the  liquid  could  have  been 
stirred  or  the  bomb  rotated;  but  there  were  so  many  experimental 
difficulties  coimected  with  doing  this  that  it  was  not  attempted. 
The  criterion  of  the  behavior  of  aqua  ammonia  and  iron  toward 
each  other  was  the  formation  of  noncondensing  gas,  which  col- 
lected mostly  in  the  gas  phase.  Therefore  there  were  in  this 
phase  ammonia,  water  vapor,  and  any  noncondensing  gases, 
such  as  hydrogen,  oxygen,  and  nitrogen,  that  might  be  formed. 
The  noncondensing  gases  were  collected  by  passing  the  gas  through 
a  capillary  tube  into  a  gas  burette  inverted  over  sulphuric  acid. 
It  was  foxmd  generally  that  in  the  gaseous  phase  there  is  practi- 
cally no  action  between  the  various  components  and  the  iron. 
The  water,  or  the  oxygen,  if  air  be  present,  in  the  gaseous  phase 
reacts  with  the  iron  and  forms  a  protective  coating  of  magnetic 
oxide  of  iron  that  seems  to  remain  unaltered  until  some  of  the 
liquid  phase  touches  it;  then,  if  this  liquid  is  of  suitable  composi- 
tion, considerable  corrosion  may  take  place. 

2.  EXPERIMENTS  WITH  DISTILLED  WATER 

Distilled  water,  previously  heated  to  remove  all  dissolved 
gases,  was  first  charged  into  the  bomb,  which  was  then  evacuated 
and  heated  to  130°  C  for  a  period  of  5  days.  At  the  end  of  the 
experiment  only  a  very  small  amoxmt  of  gas  had  been  formed,  as 
was  indicated  by  an  increase  of  only  4  mm  in  pressure  above  the 
original  pressure  when  the  bomb  was  connected  to  a  mercury 
gage.  When  the  liquid  was  withdrawn  from  the  bomb,  it  was 
found  to  be  only  faintly  colored,  and  there  were  no  signs  of  cor- 
rosion on  the  interior  of  the  bomb.  On  heating  with  pure  water 
to  170^  C  for  a  period  of  8  days,  80  cc  of  gas,  containing  93  per 
cent  of  hydrogen,  was  collected.  The  desirability  of  operating  at 
low  temperatures  is  indicated  by  the  fact  that  as  the  temperature 
is  raised  the  amount  of  hydrogen  produced  increases  greatly. 

The  bomb  was  then  recharged  with  boiled  distilled  water,  and 
compressed  air  was  forced  into  it  imtil  the  pressure  was  about  50 
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pounds.  In  the  course  of  a  few  days'  heating  the  oxygen  con- 
tent of  the  gas  was  reduced  to  lo  per  cent,  the  remainder  of  the 
gas  being  nitrogen.  The  bomb  was  opened  and  was  found  to  be 
badly  corroded,  and  the  solution  was  colored  a  deep  brown  and 
contained  considerable  precipitate.  The  conclusion  may  be 
drawn  that  if  air  gets  into  a  closed  system  of  this  kind  the  oxygen 
will  gradually  be  removed  and  the  final  result  will  be  an  atmos- 
phere of  nitrogen. 

An  experiment  was  performed  with  water  containing  o.i  per 
cent  acetonitrile,  the  conditions  of  heating  being  the  same  as  those 
when  water  was  heated  at  130°  C.  More  gas  was  produced  than 
with  pure  water  under  the  same  conditions,  the  pressure  in  this 
experiment  rising  13  cm  above  the  original  pressure.  The  bomb 
was  attacked,  and  the  solution,  although  a  pale  yellow  on  with- 
drawal, became  darker  on  standing  and  gradually  changed  to  a 
colloidal  solution,  which  finally  deposited  a  yellow  precipitate. 
In  all  cases  where  corrosion  occurs  in  the  absence  of  air  there  is 
found  to  be  a  small  amount  of  ferrous  iron  in  solution.  The 
solution  is  nearly  colorless  when  first  removed,  but  on  standing 
it  becomes  a  deeper  and  deeper  yellow,  owing  to  the  oxidation  of 
the  iron  from  the  ferrous  to  the  ferric  state.  Finally  the  iron 
precipitates  out  as  a  basic  ferric  compound. 

3.  EXPERIMENTS  WITH  AQUA  AMMONIA 

The  experiments  with  water  were  then  duplicated  with  solutions 
of  pure  ammonia  and  with  the  ordinary  concentrated  aqua  am- 
monia of  commerce,  containing  about  28  per  cent  of  ammonia. 
In  heating  aqua  ammonia  alone,  if  it  is  pure,  hydrogen  is  produced 
only  by  heating  at  high  temperatures.  In  the  experiments  with 
either  pure  water  or  pure  aqua  ammonia,  the  rate  of  production 
of  the  hydrogen  diminishes  as  the  period  of  heating  progresses. 
This  is  probably  due  to  the  fact  that  before  beginning  each  ex- 
periment the  interior  of  the  bomb  had  been  polished  with  emery, 
while  at  the  end  the  interior  of  the  bomb  was  covered  with  a  firm, 
dense  coating  of  oxide.  However,  in  those  cases  where  impurities 
such  as  carbonates  or  acetates  are  present,  the  rate  of  production 
of  hydrogen  shows  no  such  decrease,  and  upon  opening  the  bomb, 
the  deposit  on  that  part  of  the  bomb  in  contact  with  the  solution 
can  be  easily  removed  by  wiping. 

The  experiment  with  air  and  water  was  also  duplicated  with 
aqua  ammonia  and  air.     In  this  case  also  the  oxygen  content 
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decreased,  but  not  so  rapidly,  diminishing  under  the  same  con- 
ditions from  20  per  cent  to  about  15  per  cent.  The  interior  of 
the  bomb  was  also  less  attacked.  A  high-grade  sample  of  aqua 
ammonia  was  used,  and  as  the  gas  was  in  contact  with  a  saturated 
solution  of  ammonia,  the  solubility  of  the  oxygen  in  the  solution 
was  very  greatly  decreased.  However,  the  decrease  in  oxygen 
content  of  the  gas  even  in  the  absence  of  stirring  was  very  marked. 

From  the  above  results  it  is  seen  that  if  air  is  permitted  to  enter 
the  system,  as  may  readily  happen  under  certain  faulty  conditions 
of  operation,  there  will  result  finally  an  atmosphere  of  nitrogen 
containing  more  or  less  oxygen.  It  was  also  found  that  such 
impurities  as  carbonates,  acetates,  and  acetonitriie  increase  the 
corrosive  power  of  aqua  ammonia  at  ordinary  operating  tempera- 
tures to  such  an  extent  as  to  readily  account  for  the  hydrogen 
fotmd  in  many  plants. 

The  two  impurities  present  in  aqua  ammonia  that  cause  cor- 
rosion are,  therefore,  acetates  and  carbonates.  If  acetonitriie  is 
present,  it  is  at  once  saponified  and  converted  into  an  acetate  by 
the  heated  aqua.  It  is  contended  that  because  of  its  method  of 
manufacture  ammonia  made  from  ammonium  sulphate  is  the  only 
ammonia  that  is  free  from  acetonitriie.  No  carbon  dioxide  is 
present  in  anhydrous  ammonia.  However,  examination  of  a 
number  of  samples  of  aqua  ammonia  showed  that  carbon  dioxide 
was  always  present,  and  the  amount  may  be  increased  by  exposure 
to  the  atmosphere.  In  testing  samples  of  aqua  for  corrosive 
properties  it  was  found- that  from  a  determination  of  the  carbon 
dioxide  content  the  action  of  the  aqua  could  be  predicted.  Where 
the  content  of  carbonate  is  not  over  0.003  P^r  cent,  the  corrosive 
action  is  not  very  marked.  And  it  was  also  noted  that  where 
corrosion  once  starts  it  will  continue  during  the  life  of  the  charge. 

4.  DETERMINATION  OF  CARBON  DIOXIDE 

From  the  above  evidence  it  is  seen  that  one  of  the  most  impor- 
tant tests  of  aqua  ammonia  to  be  used  in  an  absorption  refrigera- 
tion machine  is  the  determination  of  its  carbon  dioxide  contei^t. 
Since  a  content  of  carbon  dioxide  as  low  as  0.003  per  cent  will 
cause  gas  formation,  a  method  that  will  permit  the  use  of  large 
samples,  usually  100  g,  was  adopted. 

The  sample  is  weighed  in  a  weight  burette  and  is  then  slowly 
added  to  a  glass-stoppered  wash  bottle  containing  an  excess  of 
sulphuric  acid.    A  current  of  air  free  from  carbon  dioxide  is 
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passed  continually  through  the  wash  bottle  and  mto  a  special 
wash  bottle  containing  barium  hydroxide  solution.  This  latter 
wash  bottle  is  described  by  E.  R.  Weaver  and  J.  D.  Edwards  (J. 
Ind.  Eng.  Chem.,  7,  p.  534;  191 5).  When  all  the  ammonia 
solution  has  been  added,  the  solution  is  boiled  for  a  few  minutes 
and  the  air  is  allowed  to  pass  through  tmtil  all  the  carbon  dioxide 
has  been  swept  over  into  the  wash  bottle.  The  barium  carbonate 
thus  formed  is  washed  free  from  barium  hydroxide,  dissolved  in 
hydrochloric  acid,  and  finally  precipitated  as  barium  sulphate. 
From  the  weight  of  baritun  sulphate  thus  obtained  the  percentage 
of  carbon  dioxide  is  easily  calctdated.  Some  of  the  results  ob- 
tained are  as  follows: 

TABLE  1.— Carbon  Dioxide  Detenniiuition 


Sample 


C.P.  nagent 

Technical  aample 

Technical  aample 

Tap  water 

B.  8.  plant  No.  la 

B.  8.  plant  No.  2" 

Caldtun  carbonate  C.  P.^ . 


CO, 


Percent 

Perceitf 

0.0015 

0.0016 

.0026 

.0026 

.0075 

.0071 

.0052 

.0052 

.066 

.067 

.087 

.087 

44.0 

44.3 

<>  50  g  sample  used.  ^  o.i  g  sample  used. 

5.  METHODS  OF  PREVENTING  GAS  FORMATION 

Among  the  substances  which  have  been  proposed  for  preventing 
the  corrosion  of  iron  in  general  is  potassium  dichromate  solution. 
The  authors  therefore  conducted  experiments  to  determine 
whether  a  dichromate  would  be  useful  in  ammonia  systems.  As 
these  experiments  were  performed  during  the  period  of  the  war, 
sodium  dichromate  was  used  and  was  found  to  be  very  satis- 
factory. Solutions  of  aqua  ammonia  were  made  up  to  contain 
the  various  corrosive  constitutents  and  in  addition  approximately 
0.2  per  cent  by  weight  of  commercial  sodium  dichromate.  In  all 
cases  the  amount  of  gas  produced  was  very  small,  and  less  than 
that  given  by  the  best,  sample  of  ammonia  solution  that  had 
been  tested  without  the  addition  of  dichromate.  The  solution 
after  withdrawl  from  the  bomb  had  a  green  color  which  did  not 
change  on  standing.  There  was  always  a  precipitate  present 
which  varied  from  a  grayish  green  when  pure  samples  of  aqua 
ammonia  were  used  to  dark  brown  when  the  dichromate  was 
added  to  the  contents  of  a  bomb  in  which  corrosion  had  ah-eady 
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taken  place.  The  addition  of  dichromate  always  stopped  the  gas 
formation,  and  upon  opening  the  bomb  the  characteristic  hard 
dull  coat  was  observed.  From  these  experiments  in  the  labora- 
tory it  was  decided  to  try  the  addition  of  sodium  dichromate  to 
the  ammonia  in  a  plant  which  was  giving  trouble  on  accoxmt  of 
foul  gas  formation. 

Much  trouble  had  always  been  experienced  in  the  operation  of 
the  30-ton  Carbondale  absorption  plant  at  the  Bureau  of  Standards. 
Gas  was  being  formed  continually,  and  this  caused  large  losses  of 
ammonia  in  purging  the  system  of  foul  gas,  as  well  as  losses  due 
to  leakage  caused  by  the  high-working  pressure  necessary  because 
of  the  presence  of  the  noncondensing  gas.  '  The  ammonia  charge 
at  this  plant  became  depleted  during  the  winter  191 6-1 7,  and  it 
was  foxmd  necessary  to  partially  recharge  it.  Analysis  was 
made  of  the  ammonia  solution  that  still  remained  in  the  machine, 
and  it  was  found  to  contain  19  per  cent  of  ammonia  and  about 
0.066  per  cent  of  carbon  dioxide.  In  recharging  this  system 
tap  water,  containing  about  0.0052  per  cent  total  carbon  dioxide, 
and  anhydrous  ammonia  were  used.  After  recharging  the 
system  and  operating  for  a  few  months,  the  carbon  dioxide 
content  had  increased  to  0.087  P^r  cent  and  there  was  consider- 
able corrosion  and  gas  formation.  The  analyzed  samples  of 
liquor  when  tested  in  the  experimental  bomb  were  found  to  cause 
a  great  deal  of  corrosion  and  gas  formation,  but  when  soditun 
dichromate  was  added  gas  formation  was  stopped. 

In  Jxme,  191 7,  an  amotmt  of  sodiiun  dichromate,  equal  to 
0.2  per  cent  of  the  total  weight  of  the  aqua  ammonia  charge, 
was  added  in  the  form  of  an  aqueous  solution  to  the  plant.  No 
trouble  has  since  been  experienced  with  the  plant  from  gas  for- 
mation. At  one  time  when  the  engineer  reported  that  consider- 
able gas  was  being  formed  in  the  plant,  the  gas  was  found  upon 
analysis  to  consist  of  over  95  per  cent  nitrogen  with  a  few  per 
cent  of  hydrogen  and  a  small  amount  of  oxygen.  It  was  soon 
found  that  this  gas  was  caused  by  leaks  aroimd  the  piston  rod  of 
the  ammonia  ptunp.  On  replacing  the  worn-out  rod  gas  troubles 
ceased  and  have  not  been  experienced  since.  This  plant  is  now 
giving  better  service  than  for  many  years  past. 
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6.  SUMMARY 

1.  The  noncondensible  gases  foxind  in  ammonia  absorption 
rdErigeration  machines  are  due  to  either  or  both  of  two  causes, 
namely,  (a)  leaks  of  air  into  the  system  and  (6)  the  corrosive 
action  of  the  ammonia  liquor  on  the  metal  of  the  plant. 

2.  When  the  foul  gas  is  mainly  nitrogen,  the  gas  is  derived 
from  air  that  has  leaked  into  the  system,  and  leaks  should  there- 
fore be  sought.  The  oxygen  in  the  air  is  very  quickly  used  up 
and  so  will  be  present  in  only  a  very  small  percentage  of  its 
original  amoxmt.  If  the  foul  gas  is  hydrogen,  the  cause  is  corrosion 
by  the  ammoniacal  liquor.  A  gas  containing  both  nitrogen  and 
hydrogen  shows  both  causes  to  be  present. 

3.  If  a  solution  of  sodiiun  or  potassiiun  dichromate  is  added 
to  the  generator  charge  so  that  the  charge  in  the  generator  will 
contain  the  salt  to  the  extent  of  0.2  per  cent  by  weight,  all  foul 
gas  formation  from  the  corrosive  action  of  the  ammonia  charge 
will  be  stopped.  1 1  is  recommended  that  the  dichromate  be  added 
in  all  cases,  as  it  has  been  found  that  its  presence  decreases  the 
very  small  amoxmt  of  gas  caused  by  even  the  highest  grade 
ammonias. 

4.  A  method  is  given  for  the  quantitative  estimation  of  carbon 
dioxide  in  ammonia. 

Washington,  July  19,  1920. 
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COLORED  WALL  PLASTER 


By  Wanen  E.  Emley  and  Charlotte  F.  Faxon 


The  natural  color  of  a  wall  plaster  is  white,  or  nearly  so.  For 
many  years  it  has  been  customary  to  accept  this  white  color  as 
inevitable  and  to  dismiss  the  subject  without  further  consideration. 

The  quality  of  a  plaster  is  indicated  by  its  natural  color  in  a 
way  which  is  strikingly  analagous  to  the  method  used  for  classi- 
fying diamonds.  The  best  plasters  are  slightly  tinted  with  blue; 
pin-e  white  plasters  are  of  excellent  quality,  and  the  poorest 
grades  have  a  buff  or  reddish  tinge.  This  fact  has  led  the  plasterer 
and  the  building  contractor  to  look  with  favor  upon  a  white  or 
bluish-white  plaster  because  these  colors  are  usually  accompanied 
by  excellence  in  quality. 

On  utilitarian  groxmds,  plaster  has  established  its  position  in 
the  building  industry.  Its  fire  resistance,  its  heat  insulating, 
and  its  acoustical  properties  are  of  primary  importance.  The 
appearance  of  the  plaster,  while  admittedly  and  rightfully  of 
secondary  importance,  is  receiving  more  and  more  attention  from 
progressive  architects  and  builders. 

The  white  color  of  plaster  is  sometimes  objectionable  in  that 
it  does  not  fit  in  with  the  artistic  scheme  which  the  architect  is 
trying  to  evolve.  It  is  true  that  the  plaster  may  be  covered  with 
kalsomine  or  wall  paper,  but  it  seems  to  be  worth  while  to  attempt 
to  make  the  plaster  of  the  desired  color  in  the  first  place. 

Several  attempts  have  been  made  to  produce  colored  plaster, 
but  the  method  has  not  proven  sufficiently  satisfactory  to  warrant 
its  general  adoption.  It  involves  the  use  of  a  mineral  pigment, 
which  is  mixed  with  the  plastering  materials.  A  buff  or  red  can 
be  obtained  with  oxides  of  iron;  a  gray  with  lampblack.  It  has 
been  found  extremely  difficult  to  mix  the  pigment  with  the  plaster 
in  such  a  way  that  two  batches  have  exactly  the  same  tint.  Deep 
shades  of  color  require  the  addition  of  so  much  pigment  that  the 
strength  of  the  plaster  is  impaired.  A  plaster  made  by  this 
method  has  a  dead  color,  which  is  desirable  when  the  plaster  is 
considered  as  a  backgroimd  for  other  decorations,  but  which  has 
little  artistic  value  of  itself. 

14946*— 20  , 
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Some  years  ago  J.  J.  Earley  developed  on  a  commercial  scale 
the  manufactm-e  of  colored  concretes  by  the  exposed  aggregate 
method.  Many  examples  of  the  beauty  of  such  concretes  and  of 
the  flexibility  of  the  process  can  now  be  seen  in  buildings,  walls, 
and  pavements  of  Washington.  Instead  of  the  usual  crushed 
stone  or  gravel  which  is  used  as  an  aggregate  in  concrete,  he  uses 
crushed  stone  which  is  prepared  from  naturally  colored  rocks, 
carefully  selected  and  mixed  to  produce  the  desired  artistic  effect. 
After  the  concrete  has  set,  the  smiace  is  removed  and  the  colored 
aggregate  thereby  exposed.  At  Mr.  Barley's  suggestion  this 
same  principle  has  been  applied  to  the  manufacture  of  a  colored 
wall  plaster. 

The  first  step  was  the  selection  of  the  proper  aggregate.  Fortu- 
nately, this  offered  no  difficulty.  There  has  been  on  the  market 
for  many  years  a  material  known  as  **  gypsum  wood-fibered 
plaster."  This  consists  of  approximately  85  per  cent  of  calcined 
gypsum  (plaster  of  Paris) ,  14  per  cent  of  some  material  such  as  lime 
or  clay  added  to  give  it  the  necessary  plasticity,  and  i  per  cent  by 
weight  of  wood  fiber.  It  is  one  of  the  many  commercial  forms  of 
wall  plaster,  and  its  position  in  the  trade  is  so  well  established  that 
tentative  specifications  for  it  have  been  adopted  by  the  American 
Society  for  Testing  Materials. 

This  plaster  is  usually  designed  to  be  used  without  sand,  the 
wood  fiber  being  considered  as  an  aggregate.  The  fiber  is  quite 
similar  to  the  grotmd  wood  used  in  making  newspaper,  except  that 
the  staple  is  a  little  longer. 

The  proposed  process  consists  briefly  of  dyeing  the  fiber  the 
desired  color  with  aniline  dyes,  mixing  it  with  the  other  ingredi- 
ients,  applying  the  plaster  to  the  wall  in  the  usual  way,  and  then, 
after  the  plaster  has  set,  removing  its  surface  in  such  a  way  as  to 
expose  the  colored  fiber. 

The  first  difficulty  encotmtered  arose  from  the  lack  of  literatin-e 
describing  the  behavior  of  aniline  dyes  on  wood.  Most  of  our  ex- 
perimental work  was  devoted  to  this  phase  of  the  subject — ^the 
testing  of  a  large  number  of  dyes.  These  tests  were  conducted 
by  exposing  half  of  a  sample  of  dyed  wood  fiber  mixed  with  the 
other  ingredients  of  a  colored  plaster  to  direct  sunlight  for  six 
weeks.  The  other  half  of  the  same  specimen  of  plaster  was  kept 
covered.  If,  at  the  end  of  six  weeks,  one  could  not  distinguish 
between  the  two  halves  of  the  sample,  the  dye  was  pronounced 
satisfactorily  fast  to  light.  Fastness  to  water  is  not  essential;  in 
fact,  it  is  usually  desirable  that  the  dye  shall  ** bleed**  a  little. 
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The  color  runs  into  the  plaster  surrounding  the  fiber,  thereby 
making  the  fiber  appear  to  be  larger  than  it  is  and  making  it 
possible  to  obtain  the  desired  effect  with  the  use  of  less  fiber  than 
would  be  possible  if  the  dye  were  fast  to  water. 

It  was  foimd  that  wood  fiber  acts  quite  similarly  to  jute  in 
taking  up  dyes.  Any  one  of  the  classes  of  dyes  can  be  used — 
silk,  wool,  cotton,  or  direct.  A  dye  which  is  fast  to  light  on  the  fiber 
on  which  it  is  intended  to  be  used  will  usually  be  fast  to  light  on 
wood  fiber.  If  the  dye  is  fast  to  water,  it  can  sometimes  be  made 
to  bleed  slightly  by  drying  the  dyed  fiber,  without  washing  it.  As 
a  general  rule,  a  small  amoimt  of  alum  added  to  the  dye  bath 
answers  the  purpose  of  a  mordant.  The  heterogeneous  character 
of  the  wood  prevents  the  dye  from  being  absorbed  evenly.  As 
will  be  shown  in  the  following  discussion,  this  is  an  advantage 
rather  than  a  detriment,  so  that  no  leveling  agent  is  necessary. 

A  general  method  of  procediu-e  may  be  illustrated  as  follows:  In 
an  indefinite  quantity  of  water,  dissolve  an  amoimt  of  dye  equal  to 
3  per  cent  of  the  weight  of  the  fiber.  Heat  the  solution  nearly  to 
boiling  and  add  the  fiber.  Add  about  2  per  cent  of  alum  (aluminum 
sulphate)  based  on  the  weight  of  the  fiber.  Digest  hot  for  about 
one  hour  and  let  it  cool.  Remove  the  fiber  and  dry  it  (usually 
without  washing)  in  a  drying  oven.  These  directions  are  to  be 
taken  in  a  very  general  sense.  Changes  in  them,  to  suit  the 
different  dyes,  will  be  suggested  by  the  directions  given  by  the 
dye  manufacttu-ers,  by  standard  textbooks,  and  by  experience. 

The  kinds  of  dyes  which  may  be  used  are  illustrated  by  the 
following  list  of  a  few  of  the  many  dyes  we  have  fotmd  satisfactory: 
Alizarine  cyanine  green  G  extra,  alizarine  cyanine  yellow,  alizarine 
cyanine  irisol,  crocein  scarlet  3  B,  rhodamine  B  extra,  sulphur 
blue,  diamine  brown,  diamine  rose,  naphthol  orange,  beta  naph- 
thol  yellow,  flavopurpurine,  alizarine  tartrazine,  chloramine 
brown.     Obviously  any  desired  color  can  be  obtained. 

It  is  to  be  understood  that  these  colors  have  proven  fast  to  light 
when  tested  by  the  laboratory  method  described  above.  Before 
attempting  any  commercial  application,  it  would,  of  cotu-se,  be 
wise  to  determine  the  permanency  of  the  dyes  which  it  is  proposed 
to  use.  This  information  may  be  obtainable  from  the  dye  manu- 
/acttu-ers,  or  it  may  be  necessary  to  learn  from  experience.  Atten- 
tion is  called  to  the  fact  that  the  color  need  not  be  perfectly  fast 
to  light  to  give  satisfactory  service.  If  a  wall  is  evenly  exposed, 
so  that  all  parts  of  it  fade  at  the  same  rate,  the  fading  is  not  a 
serious  defect.  There  is  also  the  probability  that  the  walls  will 
be  redecorated  every  few  years  to  suit  the  tastes  of  new  occupants 
of  the  building. 
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There  are  a  great  many  pure  chemical  compoimds  whicn  have 
definite  colors  in  and  of  themselves.  A  massive  piece  of  such  a 
compotmd  will  appear  in  its  true  color,  irrespective  of  the  view- 
point of  the  observer.  However,  most  of  the  materials  with  which 
we  are  familiar  are  not  simple  substances,  but  are  mixtures  of 
several  ingredients.  This  is  particularly  true  of  wall  plaster. 
If  the  different  ingredients  have  different  colors,  as  is  usually  the 
case,  then  the  color  of  the  mixture  will  depend  upon  the  relative 
amotmts  of  the  ingredients,  the  relative  sizes  and  positions  of  the 
particles,  and  the  viewpoint  of  the  observer.  A  plaster  which 
appears  gray  on  casual  observation  may,  on  close  inspection,  be 
f  oimd  to  consist  of  a  number  of  black  specks  embedded  in  a  white 
matrix.  If  the  black  specks  are  large  enough  to  be  easily  visible, 
then  the  plaster  is  no  longer  gray,  but  is  a  mottied  black  and  white. 
It  will  be  noted  that  the  term  "  easily  visible  "  defines  the  position 
of  the  observer.  The  mottied  effect,  which  is  pleasing  to  the  eye, 
is  obtained  only  when  the  black  particles  are  uniformly  distribu- 
ted; if  they  are  collected  in  large  aggregates,  the  effect  is  blotchy 
and  displeasing. 

While  fibers  of  one  color  only  can  be  used,  better  effects  can  be 
obtained  by  the  use  of  two  or  more  different  colors.  In  this  way, 
the  predominating  color  can  be  made  more  agreeable  and  satis- 
iying  by  the  use  of  supporting  colors.  Spots  of  the  principal  color 
should  be  distributed  imiformly  (but  not  in  regular  pattern) 
throughout  the  matrix.  They  should  be  large  enough  so  that 
their  identity  can  be  distinguished  without  effort.  Each  spot 
should  be  set  off  by  siurotmding  it  with  a  number  of  small  spots  of 
one  or  more  secondary  colors.  These  should  be  so  small  that  they 
can  not  be  distinguished  except  by  close  inspection.  The  effect  of 
the  whole  can  be  improved  by  giving  the  surface  a  rough  texture. 

Of  course,  due  care  must  be  taken  that  only  those  colors  are 
used  together  which  harmonize  well  with  each  other. 

Plasters  colored  by  this  method  will  have  **  life. "  By  this  it  is 
meant  that  the  color  of  the  plaster  is  more  or  less  dependent  upon 
the  position  of  the  observer;  the  color  changes  as  he  moves.  Sup- 
pose, as  the  simplest  case,  that  a  plaster  contains  fibers  of  two 
principal,  but  no  secondary,  colors.  When  viewed  from  one  direc-* 
tion,  it  is  probable  that  one  color  would  be  reflected  much  more 
than  the  other  and  would  become  dominant.  Viewed  from  another 
angle,  the  reverse  might  be  the  case.  Close  inspection  would 
reveal  the  two  colors  equally.  At  a  sufficient  distance,  the  re- 
flected colored  lights  would  be  superimposed,  giving  rise  to  an 
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entirely  different  color,  or  even  to  gray  if  the  original  colors  are 
complementary. 

A  similar  live  effect  can  be  produced  by  a  rough  surface.  The 
protuberances  cast  shadows  on  the  depressions,  and  thus  produce 
light  and  dark  tints.  The  intensity  and  the  apparent  magnitude  of 
these  shadows  depend  upon  the  position  of  the  observer,  and  seem 
to  vary  as  he  moves.  The  life  of  such  a  surface,  and  its  pleasing 
effect,  is  dependent  upon  its  texture. 

The  above  statements  form  a  brief  outline  of  the  principles 
imderl)ring  the  manufacture  of  this  type  of  colored  plaster.  It  will 
be  noted  that  the  effect  desired  may  be  described  as  a  '*tmiform 
lack  of  imiformity. "  It  is  desirable  that  the  wood  fiber  shall  not 
take  up  the  dye  evenly.  The  principal  color  can  be  made  pre- 
dominant either  by  using  a  large  quantity  of  fiber  or  else  by  using 
a  dye  which  will  **  bleed. "  For  the  secondary  colors,  the  fiber 
should  be  quite  small  and  the  dye  fast  to  water,  or,  if  the  dye  will 
blfeed,  the  fiber  may  be  replaced  by  sawdust. 

The  desired  proportions  of  the  different  colored  fibers  are  mixed 
with  the  calcined  gypsum  and  other  ingredients  to  form  a  gypsum 
wood-fibered  plaster  of  the  usual  composition.  This  is  shipped 
dry,  mixed  with  lime  putty  and  water,  and  applied  in  the  usual 
way.  Up  to  this  point  the  only  novelty  in  the  manufacture  of 
a  colored  plaster  lies  in  the  use  of  a  dyed  wood  fiber  instead  of 
the  naturally  colored  material.  Of  course  care  must  be  exercised 
in  the  selection  of  colors  which  will  blend  harmoniously,  and  in 
the  admixture  of  the  proper  proportions  of  primary  and  secondary 
colors. 

The  desired  texture  of  the  finished  smf ace  may  call  for  a  varia- 
tion in  the  quantity  of  fiber  used.  It  will  be  recalled  that  com- 
mercial wood-fibered  plaster  contains  about  i  per  cent  of  fiber 
by  weight.  This  is  equivalent  to  about  15  per  cent  by  volume. 
About  I  part  of  fiber  to  i  of  plaster,  by  volume,  is  the  maximum 
amotmt  which  can  be  used  if  the  surface  is  to  be  troweled  smooth. 
If,  however,  a  rough  surface  is  desired,  the  quantity  of  fiber  may 
be  increased ;  2  parts  of  fiber  to  i  of  plaster  can  be  used  by  patting 
it  into  place. 

A  rough  texture  is  produced  by  brushing  the  plaster  just  as 
it  sets.  This  removes  the  gypsum  from  the  surface  and  exposes 
the  colored  fibers.  Differences  in  the  quantity  of  fiber  and  in 
the  method  of  brushing  permit  the  production  of  a  great  variety 
of  textiu-es.  We  have  developed  three  types  of  texture  which 
are  illustrative  of  variations  obtainable.    The  "smooth  finish" 
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is  obtained  by  the  use  of  a  plaster  containing  0.3  to  i  part  by 
volume  of  fiber  to  i  part  of  plaster.  The  plaster  is  troweled  to  a 
smooth  surface  in  the  usual  way.  Since  this  surface  is  not  brushed, 
and  the  fiber  is  not  exposed,  it  is  necessary  to  use  dyes  which  will 
bleed  rather  profusely.  Otherwise  the  color  will  not  be  suffi- 
ciently pronoimced.  Just  before  the  plaster  has  set,  it  may  be 
brushed  with  a  fiber  scrubbing  brush,  taking  care  that  the  marks 
made  by  the  brush  are  all  either  horizontal  or  vertical.  This 
produces  an  ** organdie"  finish.  For  the  *' tapestry"  finish,  we 
use  2  parts  of  fiber  to  i  of  plaster.  This  is  patted  into  place  but 
can  not  be  troweled.  Just  before  the  plaster  sets  it  is  stippled 
with  a  wire  brush.  The  resultant  sxu^ace  is  very  rough  and  bears 
some  resemblance  to  tapestry.  These  types  are  illustrated  in 
the  colored  photograph  which  accompanies  this  paper. 

It  was  foimd  that  a  slight  efflorescence  appeared  during  the 
dr3ring  of  the  plaster,  which  marred  the  brilliance  of  the  colors. 
This  was  overcome  by  washing  the  plaster  with  soap  and  water. 
The  soap  can  be  applied  just  before  the  plaster  is  finally  troweled 
down,  or  the  plaster  may  be  allowed  to  harden  and  dry  before 
scrubbing  it.  A  thick  solution  of  strong  latmdry  soap  in  hot 
water  is  recommended.  Apparently  the  soap  enters  into  chemical 
reaction  with  the  lime  in  the  plaster  forming  a  calcitun  resinate 
or  similar  gelatinous  compotmd,  which  effectually  closes  the  pores 
of  the  plaster  and  prevents  further  efflorescence. 

This  method  of  scrubbing  the  plaster  with  soap  and  water  affords 
a  housewife  a  means  of  brightening  the  walls  whenever  necessary. 

No  matter  how  pleasing  the  appearance  of  a  wall  may  be,  it 
is  probable  that  a  change  in  the  decorative  scheme  will  sometime 
be  desired.  When  this  occurs,  it  is  only  necessary  to  remember 
that  a  colored  wall  plaster  is  essentially  the  same  as  any  other  wall 
plaster.  It  may  be  covered  with  another  coat  of  plaster,  either 
colored  or  white,  or  it  may  be  painted  or  papered  in  the  usual  way. 

In  conclusion,  it  may  be  stated  that  a  method  has  been  devel- 
oped for  producing  a  colored  wall  plaster  of  any  desired  color  or 
texture.  Effects  can  be  produced  with  this  plaster  which  are 
not  attainable  with  either  paint  or  wall  paper.  A  wall  finished 
in  this  plaster  can  be  washed  when  the  colors  become  dull  or 
soiled,  or  it  can  be  redecorated  in  the  same  way  as  any  other 
plastered  wall. 

Washington,  August  16,  1920. 
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1.  INTRODUCTION 
1.  GENERAL  STATEMENT 

In  a  ship  at  sea  the  change  from  "hogghig"  to  ''sagging'*  may 
occur  10  to  15  times  per  minute.  This  means  a  large  number  of 
reversals  of  stress  during  the  life  of  a  ship,  and  it  means  that  both 
the  deck  and  the  bottom  of  the  ship  are  required  to  withstand 
tensile  and  compressive  stresses  alternately.  The  effect  of  these 
reversals  of  stress  has  a  bearing  upon  the  use  of  reinforced  concrete 
in  lieu  of  wood  and  steel  in  the  construction  of  ships,  and  the  in- 
vestigation of  this  effect  is  a  matter  of  importance. 
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Although  earlier  tests*  have  been  reported  showing  the  effect  of 
repeated  loads  in  one  direction  on  a  concrete  beam,  none  are  known 
to  have  been  made  in  which  a  concrete  member  has  been  subjected 
alternately  to  compressive  and  tensile  stresses  large  enough  to 
crack  the  concrete.  Assuming  that  the  action  above  described 
would  sometime  produce  cracks  in  the  structure  of  a  concrete 
ship,  the  possibility  was  foreseen  that  the  repeated  opening  and 
closing  of  the  cracks  might  produce  a  grinding  action  on  the  surface 
of  the  fracture  which  wotild  result  ultimately  in  disintegration. 
This  was  one  of  the  important  features  considered  in  the  tests  here 
reported.  This  investigation  was  undertaken  by  the  Biu-eau  of 
Standards  at  the  request  of  the  concrete  ship  section  of  the 
Emergency  Fleet  Corporation. 

Acknowledgment  is  made  to  A.  S.  Merrill,  engineer  of  the 
Biu^au  of  Standards,  for  his  editorial  work  upon  this  paper  and 
for  many  valued  suggestions  and  criticisms  for  its  improvement. 

2.  SCOPE  OF  TESTS 

The  scope  of  this  investigation  was  intended  to  bring  out  only 
the  outstanding  featiu-es  of  the  behavior  of  reinforced  concrete 
beams  subjected  to  repeated  reversal  of  stress.  The  original 
program  Was  modified  somewhat  after  the  results  of  the  first  tests 
were  obtained. 

In  the  investigation  only  five  beams  were  tested.  One  of  these 
five  beams  had  not  failed  at  the  time  that  it  became  necessary  to 
discontinue  the  testing  operations.  However,  since  this  beam  had 
undergone  a  large  number  of  repetitions  of  a  load  which  produced 
approximately  the  design  stresses,  it  fiunishes  information  of  some 
value. 

Although  the  tests  which  have  been  carried  out  are  considerably 
smaller  in  number  than  was  planned,  the  impossibility  of  com- 
pleting the  program  in  the  near  future  makes  it  desirable  that  the 
results  which  have  been  obtained  be  presented  at  the  present 
time. 

>  J.  I#.  Van  Omuxn.  The  Fatigue  of  Concrete.  Trans.  Am.  Soc.  C.  £..  68,  p.  294, 1907;  W.  K.  Hatt«  Notes  on 
the  Effect  of  Time  Element  in  Loading  Reinforced  Concrete  Beams.  Proc.  Am.  Soc.  Test.  Mat..  7.  p.  491, 
Z907;  H.  C.  Berry.  Some  Tests  of  Concrete  Beams  under  oft  repeated  Loading.  Proc.  Am.  Soc.  Test.  Mat. 
8.  p.  454.  X908. 
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n.  TESTING  APPARATUS 
1.  TESTING  MACHnVE 

The  machine  designed  for  these  tests  applied  a  load  alternately 
downward  and  upward  at  a  rate  of  approximately  17  cycles' per 
minute.  Three  units  of  the  machine  were  built  so  that  three 
beams  might  be  imder  test  at  the  same  time. 

The  testing  machine  is  shown  in  Fig.  i ,  and  consisted  essentially 
of  a  wooden  frame  with  a  system  of  levers  so  arranged  and  oper- 
ated that  a  load  applied  at  the  end  of  one  of  the  main  levers  pro- 
duced a  load  ten  times  as  great  on  the  concrete  test  beam.  One 
main  lever  applied  the  load  in  the  upward  direction  and  the  other 
main  lever  applied  it  in  the  downward  direction.  When  one  load 
was  being  applied,  the  load  in  the  opposite  direction  was  being 
removed.  Slightly  before  one  load  had  been  entirely  removed 
the  full  load  in  the  opposite  direction  had  been  applied. 

During  the  test  the  beam  was  supported  at  sections  4  inches 
from  each  end  by  means  of  steel  yokes,  shown  in  Fig.  i.  Each 
yoke  was  supported  at  mid  height  by  a  shaft  which  was  free  to 
turn  as  the  beam  deflected.  Since  the  supporting  shaft  was 
approximately  at  the  neutral  axis,  the  change  in  the  distance 
between  the  point  of  support,  due  to  changing  the  curvature  of 
the  beam,  was  negligible. 

The  load  was  transmitted  from  each  main  lever  through  a  link 
to  a  rail  section,  as  shown  in  Figs,  i  and  2.  By  means  of  the  rail 
section  the  load  was  applied  to  tiie  beam  at  points  usually  6  inches 
on  either  side  of  the  center  of  the  span  both  on  the  top  and  on  the 
bottom  of  the  beam,  but  in  testing  beam  5L1  the  knife-edges  were 
placed  1 2  inches  either  side  of  the  center.  The  knife-edges  through 
which  the  load  came  upon  the  beam  were  held  in  place  by  means 
of  a  yoke  around  the  beam  at  each  point  of  application  of  load 

When  tests  were  being  conducted,  the  units  were  driven  by 
means  of  a  shunt-wound  electric  motor  developing  3-horsepower 
at  1700  revolutions  per  minute.  The  shaft  of  the  motor  is  directly 
connected  to  a  worm-gear  reducing  unit.  An  individual  shaft, 
clutch,  and  pulley  arrangement  enables  each  imit  to  be  operated 
independently.  The  walking  beam,  which  applies  the  load  to 
the  main  levers,  is  driven  by  means  of  a  connecting  rod  from  a 
crank  attached  to  the  individual  driving  shaft  of  each  imit.    A 

*  The  tenn  "cycle."  as  used  in  this  report,  refers  to  one  complete  revolution  of  the  crank  shaft  of  the 
testing  machine.  Bach  cycle  involved  one  application  of  the  load  downward  and  one  application  of  the 
load  upward. 
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control  rheostat  regulates  the  speed  of  the  motor  at  different 
loads  and  is  the  means  of  obtaining  the  same  speed  whether  run- 
ning with  one  imit  or  all  units  in  operation.  For  a  part  of  the 
time  that  the  tests  were  in  progress  the  machines  were  run-  con- 
tinuously day  and  night. 

Fig.  3  shows  the  position  of  the  three  imits  of  the  machine 
relative  to  each  other  and  to  the  driving  motor.  Fig.  4  is  a  side 
view  of  a  beam  in  one  of  the  imits  of  the  testing  machine. 

2.  STANDARDIZATION  OF  TESTING  MACHINE. 

A  standard  6-inch  I-beam  was  used  to  rate  the  reversal-of -stress 
testing  machine.  The  I-beam  was  first  standardized  in  a  200  000- 
pound  Olsen  testing  machine,  using  an  8-foot  span  and  2-point 
loading,  6  inches  either  side  of  mid  span.  Loads  were  applied 
in  increments  of  500  pounds,  as  measiu-ed  on  the  scale  beam  of 
the  Olsen  machine,  and  the  corresponding  deflections  were  meas- 
ured at  mid  span.  Readings  of  deflection  were  also  noted  as 
the  load  was  removed.  The  beam  was  then  inverted  and  loaded 
again,  and  it  was  foimd  that  the  load-deflection  curve  agreed 
closely  with  that  for  the  beam  loaded  in  the  previous  position. 
The  extreme  fiber  stress  did  not  exceed  the  elastic  limit  of  the  steel. 
The  I-beam  was  then  transferred  to  the  reversal-of-stress  machine 
and  loaded  with  the  same  spacing  of  load  points  and  supports  as 
that  employed  in  the  Olsen  testing  machine  and  in  the  tests  of  the 
reinforced  concrete  beams. 

From  the  deflection  curve  obtained  from  the  test  in  the  Olsen 
machine  and  the  deflection  curve  from  the  loading  in  the  reversal- 
of-stress  machine,  curves  were  drawn  which  gave  the  relation 
between  the  applied  load  and  the  load  on  the  weight  carrier.  It 
was  found  that  the  equations  of  these  curves  varied  slightly  for 
the  different  imits.  The  equations  found  were  corrected  for  the 
weight  of  the  beam  and  for  certain  parts  of  the  loading  apparatus 
and  were  used  in  determining  the  loads  on  the  test  specimens. 
The  equations  are  as  follows: 

Unit  I  upward  W  =  2088  H- 10.03  W^-^W^-  W^. 
Unit  I  downward  W  =  2070  H-  9.79  PFi  H-  7  PVj  +  W^a- 
Unit  2  upward  W  =  2078 -f  9.88  Wy-liW^- W^. 
Unit  2  downward  W  =  1990  4- 10.05  W^i  +  7  W^a  -f  W^. 
Unit  3  upward  W  =  2070 H-  9.83  Wi-  ^W^-  W^. 
Unit  3  downward  W  =  2000  +   9.41  W^,  +  7  W^2  +  t^s- 
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Fig.  2. — View  of  unit  No.  i  of  reversal-of-siress  testing  machine 


Fig.  3. — View  showing  the  three  units  of  reversaUof -stress  testing  machine 
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Fig.  4. — View  showing  beam  $Ci  in  unit  No.  j  of  testing  machine  with  deflectomcter 

in  position 
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In  these  equations  W  is  the  load  upon  the  test  beam,  W^  is  the 
load  applied  to  the  weight  carrier,  W^,  is  the  weight  of  the  test 
specimen,  and  W^  is  the  weight  of  the  yokes  and  T-rails  used  for 
applying  the  load. 

It  will  be  seen  that  for  all  the  tmits  the  load  without  weights 
being  added  to  the  weight  carriers  was  about  2000  pounds.  In 
testing  beam  5C1  it  was  desired  to  apply  only  670  potmds  upward. 
This  necessitated  removing  the  weight  carrier  at  one  end  of  unit 
No.  3  and  the  attaching  of  small  weights  to  the  main  lever.  This 
may  be  seen  at  the  right  of  the  view  in  Fig.  4. 

3.  MEASURING  mSTRUMENTS 

A  Berry  strain  gage,  having  an  8-inch  gage  length,  was  used  to 
measure  the  deformations  in  the  steel  reinforcement.  The  multi- 
plication ratio  of  this  strain  gage  was  4.94.  Readings  on  a  gage 
line  on  an  unstressed  bar  of  structural  steel  were  used  as  a  basis 
for  correcting  all  strain-gage  readings  on  the  test  specimens. 

For  measuring  deflections  a  removable  deflectometer  was  used. 
It  consisted  of  a  wooden  bar  having  fixed  trammel  points  8  feet 
apart  and  having  an  Ames-gage  micrometer  moimted  at  its  center. 
The  wooden  bar  was  supported  on  the  steel  yokes  at  the  ends  of 
the  test  beam  in  the  same  position  for  consecutive  observations. 
The  difference  in  the  deflections  at  the  center  of  the  span  was 
shown  by  the  Ames  gage.  Readings  were  made  directly  to  the 
nearest  o.ooi  inch.  To  provide  for  the  exact  placing  of  the  deflec- 
tometer, one  end  was  held  in  a  gage  hole  on  one  supporting  collar, 
while  the  opposite  end  was  held  on  the  other  collar  in  a  groove 
cut  parallel  to  the  axis  of  the  beam.  This  allowed  compensation 
for  the  upward  and  downward  movement  of  the  points  of  support 
of  the  deflectometer  which  took  place  as  the  beam  deflected.  The 
deflectometer  may  be  seen  on  the  test  specimen  in  Fig.  4. 

To  obtain  the  corrections  necessary  to  be  applied  to  the  deflec- 
tometer readings  to  comj>ensate  for  the  tmavoidable  errors  caused 
by  vibrations,  change  in  temperature,  or  other  uncontrollable  or 
accidental  movement  of  the  gage,  standard  readings  of  the  deflec- 
tometer were  taken  on  the  top  flange  of  a  24-inch  steel  I-beam 
which  was  not  imder  load. 

Ames-gage  micrometers  were  used  to  measure  the  slip  of  the 
ends  of  the  bars  in  beam  5L1.  The  reinforcement  in  this  beam 
consisted  of  two  i>^-inch  plain  rotmd  bars  placed  one  in  the  top 
of  the  beam  and  the  other  one  in  the  bottom,  as  shown  in  Fig.  5. 
Holes  were  drilled  and  tapped  in  the  ends  of  these  bars  and  short 
pieces  of  steel  were  screwed  in  place.  The  gages  were  clamped 
14118<>— 21 — 2 
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to  these  extension  rods  with  the  plungers  bearings  against  the 
ends  of  the  beam.  Gage  No.  i  was  mounted  at  the  east  end  of 
the  top  bar,  gage  No.  2  at  the  east  end  of  the  bottom  bar,  gage 
No.  3  at  the  west  end  of  the  top  bar,  and  gage  No.  4  at  the  west 
end  of  the  bottom  bar. 

For  each  imit  the  number  of  cycles  of  load  was  shown  by  a 
revolution  counter  connected  to  the  main  shaft  of  the  imit. 
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Fig.  5. — Dimensions  and  reinforcement  of  test  specimens 

in.  TEST  SPECIMENS  AND  TESTING 
1.  DESCRIPTION  OF  TEST  BEAMS 

The  beams  were  8  feet  8  inches  long,  6  inches  wide  and  8  inches 
deep,  and  the  test  span  was  8  feet.  The  top  bars  were  placed 
generally  2  inches  below  the  top  surface,  and  the  bottom  bars 
2  inches  above  the  bottom  surface.  The  cross  section  was  rec- 
tangular for  all  of  the  beams  except  5F1 .  That  beam  was  I-shaped 
in  cross  section,  both  flanges  being  6  inches  wide  and  2}4  inches 
deep ;  the  web  was  3  inches  thick,  and  the  total  depth  of  the  beam 
was  8  inches.    At  the  ends,  where  beam  5F1  was  supported,  and 
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between  the  load  points  the  web  was  filled  out  to  the  full  6-inch 
width  of  the  flange  in  order  to  avoid  serious  secondary  stresses 
due  to  the  concentration  of  load  at  these  points.  Beam  5F1  was 
made  with  an  I-shaped  cross  section  in  order  to  develop  a  high 
shearing  stress  in  the  web  without  affecting  appreciably  the  resist- 
ance to  tensile  and  compressive  stresses. 

The  reinforcing  bars  in  all  of  the  beams  except  5I/I  had  semi- 
circular hooks  on  the  ends^o  furnish  anchorage.  Beam  5L1  was 
reinforced  with  straight  bars  in  order  to  study  the  effect  of  repe- 
tition of  high  bond  stresses  on  the  end  slip  of  imanchored  bars. 

The  deptii  of  embedment  of  the  reinforcing  bars  was  designed 
to  be  2  inches  in  all  cases.  In  general,  it  was  desired  to  develop 
high  compressive  stresses  in  the  concrete,  and  this  could  be  accom- 
oplished  in  these  tests  only  by  placing  the  bars  farther  from  the 
compression  surface  of  the  beam  than  otherwise  would  have  been 
done.  Fig.  5  shows  the  arrangement  of  the  reinforcement  in  the 
beams. 

Table  i  shows  the  amount  of  reinforcement  used,  the  loads 
applied,  and  the  computed  stresses  for  all  of  the  test  specimens. 

TABLE  1. — Schedule  of  Beams  for  Reversal-of-Stress  Tests 


ReinforciuK  bsrs 

BesmNo. 

Top 

Bottom 

Loadappuea 

No. 

Diam- 
eter 

No. 

Diam- 
eter 

Upward 

Down- 
ward 

5A1 

3 
3 
3 
3 

1 

Inches 
H 
H 
H 

H 

3 
3 
3 
3 

1 

Inches 

H 
H 
H 

Pounds 
5000 

2380 
670 
5000 

6000 

Pounds 
5000 

5B1 

2380 

5C1 s 

3630 

5Fla 

5000 

5L1 

6000 

Compntod  stresses 

BscmlTo. 

Tension  In  steel 

Compression  in 
steel 

concrete 

Remarks 

Top 

BoCtoin 

Top 

Bottom 

Top 

Bottom 

5A1 

SBl 

501 

5F1 

Lbs./in.s 
23  590 
28  800 
4800 
16  750 

19  100 

Lbs./in.s 
23  590 
28  800 
12  050 
16  750 

19  100 

Lbs./in.s 

4293 

-112 

480 

5360 

5900 

Lbs./in.s 
4293 
-112 
5080 
5360 

5900 

LbsVln.* 
2020 
1538 
311 
1641 

1835 

Lbs./in.s 
2020 
1538 
1360 
1641 

1835 

I   sections   oompoted   sheer 

511 

175  pomids  per  square  inch. 
Computed  bond  stress  161 

pound 

spersquai 

Which. 

•  Web  reinforced  with  oae-fourth-mch  wire  loops,  a-inch  pitch. 
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2.  MATERIALS 

A  Portland  cement  was  used  which  passed  the  tests  prescribed 
in  the  United  States  Government  Specification  for  Portland  Ce- 
ment *  and  which  appeared  to  be  of  good  quality  in  all  respects. 

Potomac  River  washed  sand  and  gravel  were  used.  The  sand 
was  graded  in  size,  and  was  all  less  than  one-fourth  inch.  The 
gravel  was  graded  in  size  from  one-foiuth  to  one-half  inch.  All 
of  the  aggr^ate  appeared  to  be  clean,  and  sections  sawed  from 
some  of  the  beams  showed  a  good  gradation  of  the  materials,  as 
shown  in  Figs.  7  and  8. 

The  reinforcing  steel  used  in  the  test  beams  was  ptmrhased  in 
the  open  market.  Coupons  for  testing  were  taken  from  the  steel 
before  the  beams  were  made.  After  the  reversal  of  stress  tests 
had  been  completed  additional  specimens  of  steel  were  taken  from 
the  broken  beams  and  were  subjected  to  chemical  analysis  and 
tests  of  their  physical  properties.  The  results  of  the  physical 
tests  on  the  individual  test  specimens  are  given  in  Tables  2  to  5, 
and  the  chemical  analyses  are  given  in  Table  6.  Eighteen  speci- 
mens of  the  steel  taken  from  the  tested  beams  passed  the  cold 
bend  test  by  being  bent  through  an  angle  of  180°  without  any 
sign  of  fracttu-e. 

TABLE  2.— Physical  Properties  of  Reinforcing  Steel  of  Beam  5A1 

SAMPLES  TAKEN  BEFORE  MAKING  THE  BEAM 


Sample  No. 

Location  in  beam 

Original 
diam- 
eter 

Yield 
point 

Ultimate 
strength 

Elonga- 
tion in8 
inches 

Reduc- 
tion of 
area 

1 

Inch 
a632 
.629 
.635 

Lbs./ln.s 

37  400 

38  500 
36  400 

Lbt./in.s 

51  500 

52  700 
50  500 

Percent 

(«) 
12.5 
24.0 

Percent 
46.5 

2         

42.0 

3 

46.0 

Avenge .  

.632 

37  400 

51  600 

18.3 

44.8 

SABIPLES  TAEIEN  FROM  BEAM  AFTER  TEST 

- 

Top,  north 

a637 
.621 
.632 
.624 
.631 
.626 

35  950 

39  600 

40  500 
43  620 

38  400 

39  650 

49  600 
53  850 
51500 
55  650 

52  150 

53  950 

24.8 
29.5 

21.3 
25.8 
20.2 

5a4 

55.8 

Top,  south 

43.5 

Bottom,  north 

52.0 

Bottrnn,  middle 

43.3 

Bottom,  south... « 

57.3 

Average 

.629 

39  620 

52  780 

24.3 

5a4 

a  Broke  outside  gage  length. 

*  Circular  of  the  Bureau  of  Standards,  No.  33;  19x7. 
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TABI£  3.— Physical  Properties  of  Reinforcing  Steel  of  Beam  5B1 

SAMPLES  TAKEN  BEFORE  MAKING  THE  BEAM 


Sample  No. 

Location  In  beun 

Oridnal 
diam- 
eter 

Tield 
point 

Ultimate 
ttrencth 

Etaosa- 
tlonin8 
inchea 

Reduc- 
tion of 
area 

1 

Inch 
a  381 
.379 
.378 

Lbt./in.« 
38  830 
40  160 
44  120 

Lbs./ln.t 
51890 
53  060 
50  490 

Percent 
22.0 
17.9 
13.3 

Percent 

3&0 

2 

39.0 

3 

16w6 

Averife 

.379 

il  040 

51  810 

17.7 

3L2 

SAMPLES  TAKEN  FROM  BEAM  AFTER  TEST 


Average. 


Topi  north 

Top,  middle 

Top»  Booth 

Bottom,  north . . . 
Bottom,  middle. 


a  378 
.377 
.388 

.386 
.384 
.386 


.383 


47  500 
42  350 
40  400 
39  300 
38  500 
35  600 


40  610 


60  200 
53  950 
52  400 
55  150 
50  950 
52  650 


54  220 


12.5 
16.4 
18.3 
18.0 
22.3 
16.7 


17.4 


2L0 
27.5 
34.9 
25.1 
288 
41.6 


29L8 


TABLE  4.— Physical  Properties  of  Reinforcing  Steel  of  Beam  5F1 

SAMPLES  TAKEN  BEFORE  MAKINO  THE  BEAM 


Location  in  beam 

Origfaial 
diameter 

Yield 
potait 

Uttfanate 
atrength 

Elonfa- 
tlonin8 
Inchea 

Redac- 
tion o£ 
area 

1    

Inch 

0.757 
.746 
.755 

Lba./in.t 
43  000 
41  100 
40  600 

Lba./in.t 
58  800 

60  000 
58  310 

Percent 

(«) 
28.0 
28.8 

Percent 
62.0 

2 

55.0 

3              

63.5 

Afenge 

.753 

41  570 

59  040 

28.4 

60.2 

SAMPLES  TAKEN  FROM  BEAM  AFTER  TEST 


1           

Top,  north 

0.755 
.754 
.750 
.755 

41500 
42  500 
44  100 
38  600 

60  500 
61300 
62  000 
60  700 

28.5 
35.5 
24.0 
48.0 

65.9 

2                          

Top,  Booth 

62.9 

3                        

61.5 

4              

Bottmn,  wmth 

59.4 

Averafe 

.754 

41  680 

61  130 

34.0 

62.4 

o  Broke  outside  gage  length. 


Digitized  by 


Google 


14 


Technologic  Papers  of  the  Bureau  of  Standards 


TABLE  5.— Physical  Properties  of  Reinforcing  Steel  of  Beam  5L1 

SAMPLBS  TAKEN  BEFORE  IfAKINO  THE  BEAM 


SamptoNo. 

IfOcatkni  in  DMflu 

Orlgfauil 
diameter 

Yield 
point 

Ultimate 
gtrength 

Elonfa- 
tioninS 
inches 

Reduc- 
tion Of 
area 

1 

IndieB 

1.270 
1.270 

Lbt./in.« 

37  000 

38  600 

Lbt./ln.< 
66  200 
66  500 

Percent 
49.5 
48.5 

Percent 

49.8 

2 

49.8 

Avefage 

1.270 

37  800 

66  350 

49.0 

49.8 

SAMPLBS  TABXN  FROM  BEAM  AFTER  TEST 


1     

Top 

1.272 
1.268 

38  500 

39  400 

66  600 
66  800 

50.5 
49.0 

52.6 

2...--- 

Bottom 

50.5 

Average 

1.270 

38  950 

66  700 

49.8 

51.6 

TABLE  6. — Comparison  of  Representative  Physical  and  Chemical  Tests  of  Rejmforc- 
ing  Steel  Used  in  Concrete  Ships  and  Reversal-of-Stress  Beams 

SAMPLES  TAKEN  FROM  REVERSAL-OF-STRESS  BEAMS  AFTER  TEST 


Physical  tests 

Chemical  contents 

Sample  taken 
from— 

Diam- 
eter 

Yield 
potait 

Ultt- 

mate 

strength 

Elon- 
gation 
in8 
inches 

Redac- 
tion of 
area 

Car- 
bon 

Man- 
ganese 

Phoe- 
phoros 

Sul- 
phur 

Grade 

Inches 

Lbs./ 
in.« 

Lbs./ 
in.* 

Perct. 

Perct. 

Perct. 

Perct. 

Perct. 

Perct 

Beam5Al 

0.629 

39  620 

52  780 

24.3 

50.4 

0.023 

0.20 

0.130 

0.064 

BeamSBl 

.383 

40  610 

54  220 

17.4 

29.8 

.052 

.22 

.095 

.052 

Beam5Fl 

.754 

41  680 

61  130 

34.0 

62.4 

.085 

.38 

.120 

.095 

Beam5Ll 

1.270 

38  950 

66  700 

49.8 

51.6 

.31 

.59 

.011 

.030 

BeamSCl 

.752 

41  566 

59  036 

28.4 

60.2 

.085 

.38 

.120 

.095 

BeamSCl 

.502 

38  450 

54  220 

23.5 

38.0 

SAMPLES  Ti 

raiOM  REPRESENTATIVE  TESTS  ( 
IN  CONCRETE  SHIPS 

>F  REINFORCING    STEEL    USED 

MobUe 

1.125 

52  130 

98  050 

15.0 

22.7 

0.47 

0.70 

0.04 

0.04 

Shell  dis- 
card. 

Jacksonville. . . 

.625 

68  420 

99  130 

20.5 

43.0 

.44 

.67 

.035 

.035 

Do. 

San  Francisco. 

1.250 

37  940 

60  810 

24.3 

.21 

.44 

.031 

.037 

Structural. 

San  Diego 

.750 

36  070 

61  920 

25.7 

.22 

.44 

.014 

.037 

Do. 

Wilmington... 

.750 

45  840 

63  690 

25.6 

54.4 

.16 

.38 

.046 

.058 

Do. 

Barges 

a.  50 

55  760 

93  130 

14.0 

.41 

.50 

.02 

.04 

Do. 

o  Square  bars. 


Samples  of  the  steel  taken  from  beams  5A1  and  5B1  for  micro- 
scopic examination  showed  the  microstructure  of  wrought  iron 
which  was  contaminated  more  or  less  with  prominent  steel  streaks. 
They  had  the  appearance  of  an  inferior  grade  of  wrought  iron. 
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The  chemical  tests  showed  that  the  phosphorous  content  in  the 
reinforcement  generally  exceeded  the  limit  for  reinforcing  bars/ 
and  the  percentages  of  manganese  and  carbon  were  much  lower 
than  those  ordinarily  foimd  in  structiu-al  steel.  It  seems  evident 
that  some  of  the  steel  obtained  for  these  tests  was  of  an  inferior 
grade,  although  it  was  purchased  as  a  good  grade  of  structural 
reinforcement.  Representative  tests  which  were  made  in  the 
inspection  of  reinforcing  bars  used  in  concrete  ships  and  in  con- 
crete barge  construction  for  the  Inland  Waterways  Commission 
gave  the  results  shown  in  Table  6.  A  comparison  of  the  chemical 
analyses  given  in  this  table  shows  wide  variations  and  indicates 
the  importance  of  a  careful  inspection  of  all  steel  which  is  supplied 
for  use  in  reinforced  concrete  construction. 

3.  MAKING  AND  STORAGE  OF  TEST  SPECIMENS 

The  beams  for  these  tests  were  made  at  the  Bureau  of  Standards, 
Washington,  D.  C.  The  concrete  was  mixed  in  the  proportion 
of  I  part  of  Portland  cement,  two-thirds  parts  of  sand,  and  i  K 
parts  of  gravel,  by  weight,  for  all  of  the  beams  except  5C1,  in 
which  the  mix  was  i  part  of  Portland  cement,  three-foinths  parts 
of  sand,  and  i}4  parts  of  gravel,  by  weight.  A  rich  mix  was 
chosen  in  order  to  make  the  conditions  closely  similar  in  this 
respect  to  those  in  concrete  ship  construction. 

The  water  used  was  12  per  cent,  by  weight,  of  the  total  dry 
materials.  Calcium  chloride  was  added  to  the  water  to  accelerate 
the  hardening  of  the  concrete.  Four  pounds  of  calcium  chloride 
were  used  with  each  96  poimds  of  the  mixing  water. 

A  Snell  mixer  was  used  for  mixing  the  concrete.  Each  batch 
was  mixed  for  five  minutes  at  a  speed  of  18  revolutions  per  minute, 
and  the  material  was  moved  in  wheelbarrows  to  the  forms  and 
shoveled  into  place.  The  forms  used  were  made  of  wood.  Beams 
5A1  and  5B1  were  puddled  by  means  of  one-half  by  2  inch  wooden 
paddles,  while  in  the  remaining  beams  the  forms  were  rapped  with 
a  hand  hammer  during  the  period  of  placing  the  concrete.  The  top 
face  of  each  test  beam  was  troweled  and  then  covered  with  a  6-inch 
board.  The  wet  burlap,  which  was  spread  over  all,  was  sprinkled 
daily  imtil  the  forms  were  removed.  The  forms  were  removed 
after  three  days,  and  the  beams  were  stored  in  moist  sand  at  the 
normal  temperature  of  the  laboratory  and  kept  moist  during  the 
period  of  storage. 

4  standard  Specifications  for  BilletrSteel  Concrete  Reinforcement  Bars,  A.  S.  T.  M..  Standards,  p.  148; 
29x8. 
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4.  COHTROL  SPECDIEAS 

Four  6  by  12  inch  cylinders,  made  with  each  beam  and  stored 
under  the  same  conditions  as  the  beams,  were  used  as  control 
specimens  and  were  tested  in  compresaon.  Results  of  these 
tests  may  be  fotmd  in  Table  7.  A  density  calculation  was  made 
for  three  of  the  beams  and  is  recorded  in  the  table. 

TABLE  7.— Test  Results  for  Contrcd  Cjlindcrs 


Pwppc- 
tkosof 
mix  (by 

weickft) 

Denaily 

Daleil 

moldliif. 

1918 

Aceal 

beam  at 

atartof 

teat 

<=t3ir'- 

BMmlTo. 

taated 

Avecaia 
c^jjjea. 

atrenffm 

5AI 

1:M:1H 
1:M:1M 
1:K:1K 
1:M:1M 
1:M:1M 

a  745 
.745 
.752 

Apr.  24.. 
...do.... 
May  18.. 
June  28.. 
Sept  9... 

Daya 
63 

147 
155 
124 
71 

Daya 

163 
163 
139 
96 

T,bf./in.« 
5596 

5B1 

5563 

5Cl 

6235 

5FI 

4205 

5LI 

5 

.  GAGE 

LINES 

In  beams  5A1,  5B1,  5C1,  and  5F1  two  horizontal  gage  lines,  8 
inches  long,  were  located  on  each  side  of  the  beam  at  the  center. 
These  gage  lines  were  placed  in  the  outside  bars  in  both  top  and 
bottom  reinforcement  and  are  designated  in  Figs.  17  to  26  as 
north  top,  north  bottom,  south  top,  and  south  bottom.  . 

The  gage  holes  in  the  reinforcing  bars  were  generally  drilled 
with  a  No.  50  drill  (0.07  inch)  to  a  depth  of  about  A  i^ch. 
They  were  coimtersimk  slightly  with  a  A-i^ch  drill  in  all  cases 
except  for  beam  5B1,  the  only  beam  which  had  bars  as  small 
as  three-eighths  inch  in  diameter. 

In  beam  5L1 ,  which  had  only  one  bar  in  the  top  and  one  in  the 
bottom,  the  gage  lines  were  located  only  on  the  south  side  at  the 
center  of  the  span. 

6.  METHOD  OF  TESTING 

The  surfaces  of  the  beams  were  whitewashed  in  order  to  facili- 
tate the  detection  of  cracks  in  the  concrete  during  the  tests.  After 
a  beam  had  been  properly  placed  in  the  testing  machine,  a  com- 
plete set  of  initial  readings  was  taken  as  a  basis  for  determination 
of  deflections  and  deformations.  In  the  case  of  beam  5L1  initial 
readings  were  also  taken  of  the  four  Ames-gage  micrometers  which 


Digitized  by 


Google 


Repeated  Loading  of  Concrete  Beams  17 

were  attax^hed  to  the  ends  of  the  reinforcing  bars  for  measuring 
the  slip. 

After  the  initial  readings  had  been  taken,  the  predetermined 
total  load  was  applied  statically  in  the  downward  direction  and  a 
new  set  of  readings  of  deformation,  deflection,  and  crack  widths 
was  taken.  The  cracks  were  traced  on  the  beam  with  a  pencil. 
The  same  operation  was  repeated  "vdth  the  upward  load  applied 
statically  and  the  downward  load  released. 

The  machine  was  then  started  running  and  the  test  proceeded. 
In  the  conduct  of  the  tests  it  was  not  possible  to  keep  the  machine 
running  all  of  the  time,  but,  when  circumstances  permitted,  the 
machine  was  operated  continuously  day  and  night.  For  beams 
5A1,  5F1,  and  5L1  the  continuity  of  the  tests  is  shown  in  Fig.  25. 
For  beam  5B1  the  continuity  is  shown  in  Fig.  13.  The  vertical 
lines  in  these  graphs  indicate  periods  of  rest. 

At  periodic  intervals  two  readings  of  the  strain  gage  were  taken 
on  each  gage  line,  first  with  the  upward  load  on  the  beam  and  then 
with  the  downward  load.  It  was  not  possible  to  take  these  read- 
ings for  upward  and  for  downward  load  on  consecutive  reversals 
of  load,  but  they  were  taken  as  close  together  as  possible.  Strain- 
gage  readings  were  also  taken  at  intervals  with  the  machine  not 
running  and  with  no  load  on  the  test  beam.  When  beam  5L1  was 
tested  the  slip  readings  for  the  upward  load  and  then  for  the  down- 
ward load  were  taken  while  the  machine  was  in  operation  and  as 
nearly  simultaneously  as  possible. 

Deflection  readings  were  taken  at  intervals  when  the  machine 
was  in  operation  for  the  load  upward  and  then  for  the  load  down- 
ward and  generally  preceding  each  series  of  steel  deformation 
readings.  Deflection  readings  were  also  taken  with  the  machine 
not  nmning  and  with  no  load  on  the  test  beam.  Readings  were 
taken  on  the  reference  beam  before  and  after  each  set  of  deflec- 
tometer  readings. 

Crack  widths  were  measm-ed  by  estimation  to  the  nearest  o.ooi 
inch  by  means  of  a  steel  scale  graduated  to  o.oi  inch  and  read 
through  a  glass  magnifying  about  4H  diameters.  The  crack 
widths  were  observed  with  the  machine  stopped  and  with  the 
full  static  load  on  the  beam.  This  was  done  for  both  the  upward 
and  the  downward  loads.  Careful  observations  of  the  beam  were 
made  dining  the  progress  of  the  test  and  the  cycle  number  at 
which  each  crack  appeared  was  recorded  on  the  beam  just  opposite 
the  crack.  As  the  crack  increased  in  length  the  number  of  cycles 
I4ll8<»— 21 — 3 
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was  recorded  for  various  stages  of  the  crack.  Figs.  9  and  1 1  are 
views  taken  after  completing  some  of  the  tests  and  show  the 
progress  of  the  cracks  for  the  beams  which  were  tested  to  failure.  - 
The  cracks  were  all  outlined  by  means  of  a  heavy  pencil  in  order 
to  make  them  visible  in  the  photographs.  The  test  of  beam  5C1 
was  discontinued  before  failure  occurred,  and  the  cracks  which 
had  developed  up  to  the  time  of  stopping  the  test  are  sketched  in 
Fig.  10.  Each  value  of  crack  width  plotted  in  Figs.  12  to  16  is 
one-half  of  the  sxmi  of  all  of  the  crack  widths  on  both  sides  of  the 
beam,  as  measured  about  one-fourth  inch  below  the  top  or  above 
the  bottom  of  the  beam.  Each  value  represents  approximately 
the  total  extension  either  in  the  upper  or  the  lower  surface  of  the 
beam  due  to  the  opening  of  cracks. 
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Fio.  6. — Strainagraph  record  showing  characterisHc  behavior  of  beams  during  test 

A  strainagraph  record,*  taken  during  a  portion  of  the  test  of  one 
of  the  specimens,  is  shown  in  Fig.  6.  This  brings  out  some  of  the 
characteristics  of  the  action  of  the  testing  machine. 

It  is  found  that  the  full  load  was  in  position  about  80  per  cent 
of  the  time  and  that  about  10  per  cent  of  the  time  of  each  cycle 
was  required  for  the  application  of  the  load  and  10  per  cent  for 
its  removal.  Assimiing  17  cycles  per  minute  as  the  ordinary  rate 
of  operation,  it  is  foimd  that  the  application  of  each  load  required 
about  three-fourths  of  a  second,  and  that  for  each  24  hotu^  in 
which  the  machine  operated  the  specimen  was  under  full  load 
about  20  hours. 

•  p.  R.  McMillan.  The  Strainagraph  and  its  Application  to  Concrete  Ships,  Proc.  Amer.  Conctttelnst., 
16,  p.  loS;  19x9. 


Digitized  by 


Google 


Fio.  8. — View  of  cross  sections  through  beams  5L1  and  §Fi  after  test 
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That  the  stress  due  to  impact  was  small  is  shown  by  the  form 
of  the  graph.  The  only  portion  of  the  graph  in  which  anything 
like  an  effect  of  impact  appears  is  the  peak  which  occurs  with 
each  application  of  the  load.  The  height  of  this  peak  above  the 
horizontal  portion  of  the  graph  is  about  4  per  cent  of  the  total 
height  of  the  graph.  Asstuning  that  the  peak  is  caused  entirely 
by  impact  on  the  beam,  the  stress  due  to  impact  would  be  about 
4  per  cent  of  the  sum  of  the  tensile  and  compressive  stresses  due 
to  static  load.  Since  the  inertia  of  the  mechanism  of  the  straina- 
graph  may  have  been  partly  responsible  for  the  occurrence  of  the 
peak,  it  is  possible  that  the  impact  may  have  been  smaller  than 
the  amount  stated,  but  it  does  not  seem  that  it  can  have  been 
larger  than  that. 

IV.  TEST  DATA  AND  DISCUSSION 
1.  TABLES  AND  DIAGRAMS 

The  measured  dimensions  and  computed  properties  of  the  test 
beams  are  given  in  Table  8. 

TABLE  8. — Measured  Dimensions  and  Computed  Properties  of  the  Test  Beams 


Dlmensfcrn 


Nfflnlml  cross  soctfon ■ 

Width  of  beam,  inches 

Distance,  oompcesskm  face  to  center  of  tension 
stoeU  inches 

Distance  oompcession  tece  to  center  of  ooxnptession 
ste^  inches. 

Sectional  area  bottom  steel,  square  inches 

Sectional  area  top  steel,  square  inches 

Ratio  A^ 

Ratio  A'./bd. 

Ratio  of  depth  of  neutral  ails  to  distance  compres- 
sion face  to  center  of  tension  steel 


Ratio  moment  arm  of  resistlnc  couple  to  depth  d. . 

Distance  between  center  of  compression  area  and 
center  of  tension  steel,  inches , 


Nota- 
tion 


d' 
A, 
A'. 

P 
P' 


Ji 


Beam  numbers 


5A1 


6z81n. 
6.03 

6.00 

2.05 
.9204 
.9204 
.0254 
.0254 

.461 

.808 

4.848 


5B1 


6z8ln. 
6.00 

5.93 

2.07 
.3312 
.3312 
.0093 
.0093 

.348 

,884 

5.242 


5C1 


6x8  in. 
6.00 

6.00 

2.00 
1.325 
.588 

.0368 
.0163 

a.  530 
6.393 
0.794 
b.823 

04. 764 
I>4.938 


5F1 


Isection 


lot 

2.00 
1.325 
1.325 


.495 


4.76 


5L1 


6x8in. 
6.00 

6.00 

2.00 
t227 
1.227 
.0341 
.0341 

.490 

.784 

4.704 


o  Downward. 
NoTB'^In  these  computations  n  is  taken  as  xo. 


t  Upward. 
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General  results  for  the  beams  tested  are  given  in  Table  9.  The 
values  of  the  measured  tension  and  measured  compression  in  the 
reinforcement  given  in  this  table  are  determined  directly  from  the 
unit  deformations  given  in  Figs.  17  to  23.  These  values  for  each 
beam  represent  the  stresses  at  a  time  when  the  beam  had  reached 
approximately  a  stationary  condition  of  stress.  The  compressive 
stresses  given  were  based  on  the  assumption  that  the  total  com- 
pressive stress  in  the  concrete  was  equal  to  the  numerical  diffeience 
between  the  total  tension  and  the  total  compression  in  the  rein- 
forcement of  the  beam.    The  stresses  were  assumed  to  be  dis- 

TABLB  9.— Results  of  Reversal-ol-Stress  Tests 
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steel  f. 
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compression  in 
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down** 
wsrd 
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lOMl 

ward 

5A1 

3 
3 
3 
3 
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Ins. 

5/8 
3/8 
1/2 
3/4 
11/4 

3 
3 
3 
3 
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Ins. 

5/8 
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3/4 
3/4 
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...do 

...do 

...do 

StraiflU.. 

Lbs./ln.* 
21600 
21  900 

1500 
11  400 
18  000 

Lbs./in.« 
19  500 
22  800 
11000 
11  700 
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5400 
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SBl 

501 

7500 
6900 
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7000 
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Ranee  of  stress 

in  steel  from 
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compression 
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of  cycles 
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No. 
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Bottom 

5A1 

581 

501 

Lbt./liL> 
1565 

1210 

157 

Lbt./ln.s 
1555 

1160 

1435 

Lbs./ln.s 
27  000 

21  900 
9000 

18  300 

22  oao 

Lbs./ln.> 
26  500 

22  800 

11  000 

18  700 

22  200 

709  041 
59  377 

Three  top  tMrs  failed  in  tension  at  east  gace 

point 
Three  top  bars  snd  one  bottom  bar  failed  in 

tension  at  east  fsge  point 
Test  disoontinned  at  2  008  000  cycles  without 

5P1 

544  448 
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steel 
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ension. 
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a  Web  reinforced  with  one-quarter  inch  wire  loops,  a-inch  pitch:  I  section. 
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tributed  according  to  a  straight-line  relation.    The  equation  which 
gives  these  stresses  is 

/o  =extremefiber  compressive  stress  m  concrete, 

/s   =  observed  tensile  stress  in  reinforcement, 

/'g  =  observed  compressive  stress  in  reinforcement, 

As  =  area  of  reinforcement  in  tension, 

Ac  =  area  of  reinforcement  in  compression, 

6    =  breadth  of  beam, 

y   =  depth  from  center  of  compression  reinforcement  to  center  of 

tension  relntorcement, 
d'  =  distance  from  compression  surface  to  center  of  compression 

reinforcement, 

X    =  r,     %  =  ratio  of  distance  between  neutral  axis  and  compres- 

sion  reinforcement  to  distance  between  tension  and  com- 
pression reinforcement. 
The  summations  of  the  crack  widths  which  were  measured  at 
intervals  during  the  tests,  at  levels  one-fourth  inch  above  the 
bottom  and  one-fourth  inch  below  the  top  of  the  beams,  are 
shown  in  Figs.  12  to  16.  These  figures  show  also  the  measured 
deflections.  Letters  were  used  in  alphabetical  order  to  identify 
the  cracks  as  soon  as  they  were  discovered.  These  letters  may  be 
distinguished  in  Figs.  9  ^o  11.  Figs.  1 7  to  23  show  the  number 
of  cycles  plotted  as  abscissas  and  the  imit  deformations  as 
ordinates. 

2.  BEHAVIOR  OF  BEAMS  DURING  TESTS 

In  the  following  paragraphs  are  given  the  more  important 
phenomena  of  the  tests. 

(a)  Beam  5A1  had  three  5^-inch  plain  round  bars  in  the  top 
and  three  in  the  bottom.  The  appUed  load  was  5000  poimds 
both  upward  and  downward.  This  beam  was  tested  to  show  the 
effect  of  repeating  a  compressive  stress  in  the  concrete  of  about 
2000  poimds  per  square  inch,  combined  jnth  a  relatively  large 
range  of  stress  from  tension  to  compression  in  the  steel.  A  stress 
of  1500  poimds  per  square  inch  was  used  in  the  design  of  the 
concrete  ships. 

Fig.  12  shows  the  relation  between  the  deflection  either  upward 
or  downward  and  the  total  crack  widths  in  the  top  and  in  the 
bottom  of  the  beam  throughout  the  test.     Figs.  17  and  18  show 
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Flo.  12,— Deflection  and  total  crack  widths  for  beam  5A1 
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the  unit  deformations  in  the  reinforcing  steel  as  ordinates  and  the 
number  of  cycles  of  the  machine  as  abscissas. 

During  the  first  looo  cycles'  the  widths  of  the  tension  cracks 
increased  to  a  total  of  0.025  inch  in  the  top  and  0.020  inch  in  the 
bottom  of  the  beam  (Fig.  12).  As  the  tension  cracks  increased 
in  number  and  size  the  steel  deformations  changed  slightly  with  a 
marked  increase  in  deflection  of  the  beam  both  upward  and 
downward.  After  the  first  1000  cycles  the  crack  widths,  deflec- 
tionSy  and  deformations  remained  almost  constant  through  about 


.060 


Numt)er  of  C^e^  ai  Thou^sana 
Fig.  lA.'-DefUcHon  and  craA  widths  for  beam  5C1 

one-half  the  duration  of  the  test,  when  the  deflection  downward 
and  the  crack  widths  increased  gradually  tmtil  the  beam  failed. 

The  cracks  increased  in  length,  and  toward  the  end  of  the  test 
many  of  them  extended  from  the  top  of  the  beam  to  the  bottom. 
The  cracks  in  the  top  of  the  beam  did  not  close  eiitirely  with 
downward  load,  due,  apparently,  to  some  small  particles  of  con- 
crete chipping  oflF  and  falling  into  the  cracks.  As  a  result  the 
cracks  in  the  top  of  the  beam  appeared  somewhat  ragged,  but 
in  the  bottom  of  the  beam  they  were  still  clean  cut.  The  top 
steel  failed  in  tension  at  709  041  cycles  at  the  west  gage  point, 
which  was  4  inches  west  of  the  center  of  the  span. 

*  An  error  has  been  found  in  Pig.  la.    For  all  plotted  points  in  this  figure  showing  crack  widths  the 
number  of  cycles  should  be  reduced  by  zj  500. 
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(6)  Beam  5B1  had  three  >^-inch  plain  roimd  bars  in  the  top 
and  three  in  the  bottom.  This  beam  was  design^  so  that  when 
the  load  was  applied  the  computed  tensile  stress  in  the  steel 
would  be  high  (28  800  pounds  per  square  inch),  and  the  computed 


'W         ^o        ^o        300        350' 
Number  of  Cycfes  /n  Thousands. 

Fig.  15. — DeftecUon  and  crack  widths  for  beam  $Fi 

compressive  stress  in  the  concrete  would  be  about  equal  to  the 
working  stress  used  in  the  design  of  the  concrete  ships.  The 
applied  load  was  2380  poimds  both  upward  and  downward-  The 
deflections,  crack  widths,  and  the  continuity  of  the  test  are 
shown  in  Fig.  13.    The  deformations  are  shown  in  Fig.  19. 

14118<»— 21 4 
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No  cracks  appeared  when  a  static  load  of  2380  pounds  was  first 
applied,  but  cracks  A  to  P,  Fig.  9,  occurred  on  the  first  repetition 
of  the  load.  During  the  first  300  cycles  the  deflections  increased 
rapidly,  while  the  crack  widths  increased  rapidly  during  the  first 
7000  cycles.     Both  deflections  and  crack  widths  then  remained 
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Fig.  16. — Deflection  and  crack  widths  for  beam  §Li 

almost  stationary  until  the  beam  was  close  to  failure.  The  de- 
formations show  less  regularity  than  the  deflections  and  crack 
widths  throughout  this  portion  of  the  test.  In  the  last  measure- 
ments taken  before  failure  the  deflections  and  deformations  gen- 
erally showed  a  great  increase,  but  the  crack  widths  did  not. 
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At  59  377  cycles  all  three  of  the  top  bars  broke  without  any 
necking  which  could  be  detected  by  visual  observation.  The 
south  bar  broke  in  the  east  gage  hole,  the  north  bar  in  the  west 
gage  hole,  and  the  middle  bar  at  a  point  opposite  the  west  gage 
hole. 
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FtO.  17. — Unit  deformations  in  bottom  of  beam  §Al 

(c)  Beam  5C1  had  three  >^-inch  plain  roimd  bars  in  the  bottom 
of  the  beam  and  three  K-ii^ch  plain  roimd  bars  in  the  top.  This 
beam  was  designed  so  that  the  test  load  would  produce  stresses 
not  greater  either  in  tension  or  compression  than  the  working 
stresses  used  in  the  concrete  ship  design.  The  appUed  load  was 
3630  pounds  in  the  downward  direction  and  670  poimds  in  the 
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upward  direction.  Fig.  14  shows  the  crack  widths  and  deflec- 
tions throughout  the  test.  Fig.  20  shows  the  tmit  defomiatioiis 
as  the  test  progressed. 
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Fig.  18. — Unit  deformations  in  top  of  beam  5A1 

The  upward  deflections  and  the  crack  widths  in  the  top  of  the 
beam  increased  slightly  at  the  start  but  remained  almost  constant 
throughout  the  remainder  of  the  test.  The  downward  deflection, 
the  downward  permanent  set,  and  the  crack  widths  at  the  bottom 
of  the  beam  increased  gradually  through  about  400  000  cycles 
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of  load.  The  test  was  discontinued  at  2  008  000  cycles  of  load 
and  had  shown  very  little  change  after  passing  400  000  cycles. 
The  cracks  were  very  small  and  extended  only  a  short  distance 
from  the  top  and  bottom  surfaces  of  the  beam.     No  serious 
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Fig.  19. — Unit  deformations  in  beam  §Bi 
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developments  of  any  kind  showed  indications  of  approaching 
failure. 

(d)  Beam  5F1  was  made  with  an  I-shaped  cross  section  with 
three  ^-inch  plain  roimd  bars  in  the  top  flange  and  three  in  the 
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bottom  flange,  with  web  reinforcement  consisting  of  a  >^-inch 
plain  round  bar  woimd  aromid  and  welded  to  the  top  and 
bottom  central  bars  with  a  pitch  of  2  inches.  This  test  was 
designed  to  develop  high  shearing  stresses  in  the  web  without 
affecting  appreciably  the  resistance  to  tensile  and  compressive 
stresses.  The  applied  load  was  5000  poimds  both  upward  and 
downward.  This  gave  a  computed  shearing  stress  of  1 75  poimds 
per  square  inch.  Fig.  1 5  shows  the  deflections,  crack  widths,  and 
permanent  set  downward  as  the  test  progressed.  Figs.  21  and  22 
show  the  imit  deformations. 
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Number  of  Cycles  in  77x>U3and& 
Fig.  20. — Unit  deformations  in  beam  $Ci 

The  deflections  in  both  directions  of  loading  increased  rapidly 
with  a  gradual  increase  in  crack  widths  during  the  early  stages 
of  the  test.  At  3600  cycles  a  horizontal  crack  appeared  at  the 
top  of  the  web  extending  the  whole  length  of  the  I-shaped  por- 
tion east  of  the  center  of  the  beam.  From  the  horizontal  crack 
small  diagonal  cracks  extended  downward  toward  the  center  of 
the  web  as  the  test  continued.  Similar  cracks  appeared  later 
at  the  jimction  of  the  web  with  the  lower  flange.  From  3600 
cycles  imtil  the  test  was  about  three-fourths  completed,  the 
crack  widths  and  deflections  remained  almost  constant  but  the 
unit  deformations  varied  considerably. 
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Fig.  21. — Unit  deformations  in  bottom  of  beam  ^Fl 


Digitized  by 


Google 


32 


Technologic  Papers  of  the  Bureau  of  Standards 


At  467  000  cycles  the  cracks  in  the  top  and  bottom  flanges  and 
the  vertical  web  cracks  just  east  of  the  east  load  point,  at  the 
section  where  the  web  thickness  was  reduced,  showed  a  marked 
increase  in  size  and  failure  seemed  imminent  at  this  point.  Rust 
and  pulverized  concrete  were  working  out  of  the  cracks  at  this 
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Fig.  22. — Unit  deformations  in  top  of  beam  5F1 

point  and  along  the  horizontal  crack  imder  the  top  flange  of  the 
beam.  Apparently  the  horizontal  crack  passed  under  the  hori- 
zontal bars  and  separated  the  top  flange  from  the  web  in  the  east 
portion  of  the  beam.  A  horizontal  movement  of  the  flange 
longitudinally  with  reference  to  the  web  was  observed.     This 
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movement  was  0.015  i^i^h  when  first  measured.  As  the  separa- 
tion of  flange  and  web  became  more  nearly  complete  the  move- 
ment increased,  mitil  shortly  before  failure  it  was  as  much  as 
0.07  inch. 

The  total  crack  width  just  before  failiu-e  was  0.141  inch  at  the 
top  surface  and  0.133  inch  at  the  bottom  surface  of  the  beam. 
The  steel  bars  became  visible  in  several  places  where  the  concrete 
was  chipping  oflF  and  considerable  sUpping  of  the  bars  in  the  top 
was  noticeable  with  the  sliding  oi  the  top  flange.  There  was 
little  cracking  of  the  concrete  in  the  west  portion  of  the  beam. 

Dtuing  the  last  100  600  cycles  of  the  test  the  deflections  and 
permanent  set  downward  increased  very  rapidly,  with  an  in- 
crease in  the  deformations  in  the  reinforcing  steel.  At  544  000 
cycles  the  top  and  bottom  middle  bars  and  both  outside  bars  in 
the  bottom  failed  in  tension  at  points  about  5  inches  east  of  a 
section  through  the  east  gage  holes.  The  web  reinforcement  in 
that  section  also  failed  in  tension  at  the  point  where  it  was  welded 
to  the  top  bar.  Although  the  end  of  the  test  was  brought  about 
by  complete  tension  failure  in  the  reinforcement,  the  separation 
of  the  flanges  from  the  web  was  so  extensive  that,  toward  the 
end  of  the  test,  the  beam  sagged  greatly  and  some  of  the  Idad 
probably  was  carried  by  the  lever  which  was  not  applying  the  load. 

(e)  Beam  5L1  had  one  iX-inch  plain,  round,  straight  bar  in 
the  top  and  another  in  the  bottom.  The  beam  was  designed  for 
the  piupose  of  studying  the  effect  on  the  end  slip  caused  by  re- 
peated appUcation  of  high  bond  stresses.  The  apphed  load  was 
6000  pounds  both  upward  and  downward.  This  gave  a  computed 
bond  stress  of  161  poimds  per  square  inch.  The  permanent  set 
downward,  the  crack  widths  and  the  deflections  are  shown  in  Fig. 
16.  The  deformations  in  the  steel  are  shown  in  Fig.  23.  Fig.  24 
shows  the  end  slip  of  the  bars. 

-  A  gradual  increase  in  deflections,  crack  widths,  and  permanent 
set  downward  took  place  imtil  70  000  cycles  were  recorded.  The 
top  crack  widths  and  upward  deflection  remained  almost  constant 
until  the  completion  of  the  test.  The  permanent  set  downward, 
the  downward  deflection,  and  the  bottom  crack  widths  increased 
gradually  throughout  the  remainder  of  the  test. 

Up  to  7200  cycles  very  gradual  movements  of  the  ends  of  the 
bars  from  their  initial  positions  were  detected  by  the  gages  which 
were  used  to  meastire  sUp,  but  no  reversal  in  direction  of  movement 
with  the  reversal  of  load  could  be  detected.     From  this  time  on 
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throughout  the  test  there  was  a  rapid  increase  in  the  amount  of  slip 
at  the  west  end  of  the  bottom  bar  and  a  reversal  in  the  direction 
of  the  movement  of  the  end  of  the  bar  with  the  reversal  in  the 
direction  of  load.  It  was  expected  that  failure  would  occiu*  on 
accoimt  of  this  slip,  but  it  actually  occurred  after  431  821  cycles 
of  load  by  tension  in  both  reinforcing  bars  at  a  section  16  inches 
from  the  center  of  the  span. 
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Flo.  23. — Unit  deformations  in  beam  ^Li 
3.  SIGNIFICANCE  OF  TENSION  FAILURES 

The  failures  of  all  of  the  beams  tested  have  been  by  tension  in 
the  steel.  The  failiu*es  generally  occurred  with  fewer  repetitions 
of  load  than  would  be  expected  if  the  results  of  previous  tests  ^ 

'  Mootcaad  Sedy,  The  Failure  of  Materials  under  Repeated  Stress,  Proc.  Am.  Soc.  Test.  Mats. ,  16,  p.  437, 
1915*.  also  Constants  and  Diagrams  for  Repeated  Stress  Calculations.  16,  p.  471, 19x6. 
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be  taken  as  a  gtiide.  It  seems  probable  that  the  use  of  defective 
steel  as  reinforcement  was  partly  responsible  for  this  result. 
Yet  it  should  be  noted  that  the  steel  was  purchased  as  a  commer- 
cial grade  of  reinforcement  and  probably  was  no  worse  than 
steel  that  is  frequently  used  on  small  jobs  where  Uttle  or  no 
inspection  is  exercised.  All  of  the  tension  failures  of  the  steel 
occmred  without  necking  of  the  bars.  This  is  characteristic  of 
failure  imder  repeated  tensile  stress  and,  whatever  may  have 
been  the  grade  of  the  steel  used,  the  eflfect  of  the  repetition  of 
loads  seems  clearly  to  have  been  present. 

Besides  the  tension  failures  in  the  steel,  other  eflFects  of  the 
loading  were  apparent,  and  if  a  better  grade  of  steel  had  been  used, 
it  seems  probable  that  in  some  cases  failure  would  have  been  due 
to  other  causes  than  tension  in  the  reinforcement.  Thus,  in 
beam  5A1  a  ragged  appearance  at  the  edges  of  the  cracks  was 
noted,  and  if  the  steel  had  not  failed  when  it  did,  critical  condi- 
tions in  the  concrete  might  have  developed.  However,  the  indi- 
cations at  the  time  of  failiu*e  were  that  the  concrete  was  still 
carrying  its  full  proportion  of  the  compression. 

In  beam  5F1  the  web  was  badly  cracked  before  the  tension 
failure  occurred.  The  flanges  of  the  beam  had  been  almost 
detached  from  the  web  at  one  end  and  the  deflections  had  be- 
come excessive.  It  is  possible  that  the  tension  failiu*e  may  have 
been  hastened  by  a  repeated  bending  of  one  of  the  reinforcing 
bars.  At  any  rate,  it  seems  likely  that  a  failure  would  have 
developed  in  the  web  before  a  great  length  of  time,  if  failure  of 
the  steel  in  tension  had  not  intervened. 

In  beam  5L1  the  end  slip  of  one  of  the  bars  had  increased  to 
0.06  inch  before  tension  failiu*e  took  place.  This  is  well  be- 
yond the  amount  of  slip  which,  in  the  analysis  of  test  data,*  has 
previously  been  recognized  as  critical,  and  it  seems  certain  that 
a  complete  failure  in  bond  was  impending  and  would  have  been 
the  primary  cause  of  failure  if  the  tension  failure  in  the  steel  could 
have  been  delayed  for  a  short  time. 

4.  END  SLIP  OF  BARS 

Slip  of  bai:3  was  measured  in  beam  5L1  only.  In  all  other 
beams  the  bars  were  hooked  to  prevent  end  slip.  Fig.  24  shows 
the  movement  of  the  ends  of  the  bars  plotted  as  drdinates,  and  the 
number  of  cycles  of  load  as  abscissas.     Movement  toward  the 

■  D.  A.  Abnuns,  Tests  ol  bond  Between  Concrete  and  Steel,  Bull.  No.  71.  Hng.  Exp.  Sta..  Univ..  of  111.. 
19x3. 
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center  of  the  span  is  plotted  upward  and  movement  away  from 
the  center  is  plotted  downward. 

Most  of  the  3lip  occurred  at  the  west  end  of  the  bottom  bar. 
Up  to  7200  cycles  of  load  a  movement  of  0.0009  inch  at  this  point 
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Fig.  24. — End  slip  of  reinforcing  bars  for  beam  §Ll 

was  detected.  This  may  have  represented  an  actual  movement 
of  the  bar  with  reference  to  its  initial  position,  but  up  to  this  stage 
of  the  test  no  movement  of  the  pointer  of  the  Ames  dial  could  be  de- 
tected between  successive  applications  of  the  load.  From  this  time 
on,  however,  there  was  an  instantaneous  movement  of  the  west  end 
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erf  the  bar  toward  the  center  of  the  span  when  the  load  was  applied 
downward,  and  a  return  to  approximately  the  original  position 
when  the  load  was  applied  upward.  This  cycle  of  slip  was  trav- 
ersed with  each  cycle  of  load,  and  as  the  bar  reached  the  end  of 
its  slip  the  suddenness  of  its  stopping  was  marked  by  a  sharp 
sotmd  as  of  the  impact  of  steel  against  concrete.  The  movement 
toward  the  center  of  the  span  increased  with  an  increase  in  the 
ntmiber  of  applications  of  load,  but  as  the  test  progressed  the  end 
of  the  bar  fell  short  more  and  more  of  coming  back  to  its  original 
position  with  the  application  of  upward  load. 

It  is  a  matter  of  interest  to  note  that  the  data  indicate  a  simul- 
taneous movement  of  one  end  of  the  bottom  bar  toward  the  center 
of  the  span  and  of  the  other  end  away  from  it;  that  is,  the  entire 
bar  would  appear  to  have  been  moving  through  the  beam  from 
west  to  east.  The  total  movement  of  the  bottom  bar  was  slight, 
however,  and  it  is  doubtful  if  the  data  afford  any  satisfactory  ex- 
planation of  this  phenomenon.  It  is  just  as  inexplicable  that  both 
ends  of  the  top  bar  appear  to  have  been  moving  away  from  the 
center  of  the  beam  as  that  the  bottom  bar,  as  a  whole,  was  moving 
through  the  beam  from  west  to  east.  However,  the  movements 
observed  at  the  ends  of  the  top  bar  were  so  small  that  they  are 
unimportant  in  comparison  with  the  large  amoimt  of  slip  which 
occurred  at  the  west  end  of  the  bottom  bar. 

The  sharp  increase  of  slip  which  occurred  at  the  west  end  of  the 
bottom  bar  at  300000  cycles  of  load  seemed  to  forecast  that 
failure  would  be  due  to  the  slipping  at  that  position;  but,  after 
431  821  cycles  of  loa:d,  failure  occurred  by  tension  in  both  of  the 
reinforcing  bars  at  a  section  16  inches  west  of  the  center  of  the 
span.  When  the  beam  was  broken  up  an  examination  showed  that 
the  adhesion  between  the  lower  bar  and  the  concrete  in  the  west 
portion  of  the  beam  had  been  entirely  destroyed.  Near  the  sec- 
tion of  tension  failure  scratches  on  the  reinforcing  bar  were  pres- 
ent, which  indicated  an  abrading  action  of  the  aggregate  on  the 
bar,  due  to  its  movement  back  and  forth  through  the  concrete. 

It  is  of  importance  that,  although  up  to  7200  cycles  of  load 
there  was  no  measurable  slip  between  successive  applications  of 
load,  a  continuation  of  the  test  finally  produced  a  slip  of  0.06  inch. 
The  slip  probably  would  have  progressed  to  the  point  of  causing 
failure  of  the  beam  if  tension  failure  in  the  reinforcement  had  not 
occurred  before  that  stage  was  reached. 
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5.  EFFECT  OF  GAGE  HOLES  ON  LOCATION  OF  POINT  OF  FAILURE 

As  noted  in  Part  III,  article  5,  the  gage  holes  in  the  reinforcing 
bars  were  0.07  inch  in  dia,meter  and  about  three  thirty-seconds 
inch  deep.  In  most  cases  also  the  holes  were  coimterstink  slightly. 
The  proportional  reduction  of  area  of  the  cross  section  of  the  bar 
due  to  the  presence  of  the  gage  holes  was  comparatively  small, 
even  in  the  case  of  the  smallest  bars  used,  which  were  three-eighths 
inch  round,  but  the  effect  of  the  gage  holes  in  hastening  failure 
may  have  been  important.  It  has  been  pointed  out  ®  that  '*  a  sud- 
den change  of  section  is  a  great  source  of  weakness  in  withstanding 
repeated  stresses.'*  The  presence  of  gage  holes  furnished  a  sud- 
den though  slight  change  in  section. 

The  smallest  bars  used  would  be  expected  to  show  the  largest 
effect  from  the  presence  of  gage  holes.  In  beams  5A1  and  5B1, 
having  five-eighths  and  three-eighths  inch  bars,  respectively,  fail- 
ure occurred  through  the  gage  holes.  In  these  beams  the  middle 
bars  had  no  gage  holes,  but  in  each  case  failure  of  the  middle  bar 
occurred  at  a  point  just  opposite  a  gage  hole  in  the  outer  bar. 

In  all  of  the  beams  there  seemed  to  have  been  a  tendency  for 
failure  to  occur  in  all  of  the  bars  at  the  same  section  through  the 
beam.  For  the  beams  having  three-eighths  and  five-eighths  inch 
bars,  the  location  of  the  section  of  failure  appeared  to  }ye  in- 
fluenced by  the  location  of  gage  holes.  For  the  beams  having 
three-fourths  and  i>^  inch  bars,  the  location  of  the  section  of  fail- 
ure was  not  determined  by  the  location  of  the  gage  holes. 

The  number  of  repetitions  required  to  cause  failure  was  smallest 
for  the  beam  5B1,  in  which  the  proportional  effect  of  the  gage 
holes  was  largest.  This  seems  to  be  in  keeping  with  the  discus- 
sion in  the  previous  paragraphs,  but  the  tensile  stresses  developed 
in  this  beam,  as  shown  by  the  deformations  in  Fig.  19,  were 
enough  larger  than  those  in  the  other  beams  to  raise  some  doubt 
as  to  the  correctness  of  the  conclusion  that  the  gage  holes  had  an 
important  effect  in  hastening  failure  or  determining  where  it 
should  occur. 

If  the  gage  holes  in  the  five-eighths-inch  bars  were  important  in 
causing  failure,  beam  5A1  should  have  been  expected  to  fail  imder 
a  smaller  nimiber  of  applications  of  load  than  beams  5L1  and 
5F1,  in  which  failure  did  not  occur  through  the  gage  holes.  On 
the  contrary,  beam  5A1  withstood  a  larger  mmiber  of  repetitions 
than  either  5L1  or  5F1,  although  the  stresses  developed  in  beam 
5A1  were  higher  than  the  stresses  in  either  of  the  other  beams. 

'  Johnson's  "Materials  oi  Construction."  fifth  ed..  p.  776. 
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Although  there  are  indications  that  the  gage  holes  in  the  bars 
had  some  influence  in  determining  the  location  of  the  section  of 
failure,  it  does  not  seem  that  they  had  much  effect  upon  the 
ultimate  strength  of  the  steel  imder  repeated  loading. 

6.  EFFECT  OF  CRACK  DEVELOPMENT  ON  LOCATION  OF  POHIT  OF 

FAILURE 

Even  where  gage  holes  in  the  bars  appeared  to  determine  the 
location  of  the  section  of  failure,  there  was  also  a  marked  develop- 
ment of  cracks  at  the  same  section.  In  fact,  in  all  cases  tension 
failure  of  the  reinforcing  bars  occurred  at  sections  where  large 
cracks  extended  entirely  through  the  section  of  the  beam. 

At  the  sections  where  tension  failure  occurred  the  maximum 
widths  of  the  cracks  just  before  failure  were  as  given  in  Table  lo. 
These  were  the  largest  cracks  in  the  beams.  In  beams  5A1  and 
5L1  it  was  noted  tiiat  the  cracks  did  not  seem  to  close  entirely 
with  each  reversal  of  load.  If  the  fractured  sinf aces  were  abraded 
to  such  an  extent  as  to  render  ineffective  some  of  the  concrete, 
the  reinforcement  would  have  been  forced  to  take  more  than  its 
share  of  the  compressive  stresses  and  that  would  have  increased 
the  range  of  stress  in  the  steel,  traversed  in  each  cycle,  above  that 
given  in  computations  of  stress  (Table  i)  based  upon  the  imity  of 
the  entire  section.  On  the  contrary,  the  data  taken  as  the  test 
progressed  do  not  show  any  more  rapid  increase  in  compressive 
stress  than  in  the  tensile  stress,  and  this  would  discredit  an 
explanation  of  failure  based  upon  an  assumed  increase  in  com- 
pression in  the  steel  as  the  test  progressed. 


TABLE  10.— Width  of  Cracks  at  Points  of  FaUure 

Beam  No. 

Designation 

of  crack 
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Measured 

width  of 

crack 

Number 
of  cycles 
at  time  of 
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Number 
of  cycles 
at  failure 
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.023 
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If  the  reinforcement  had  taken  all  of  the  compression,  the  stresses 
in  tension  and  in  compression  should  have  been  equal.  The  fact 
that  the  tensile  stresses  were  much  larger  than  the  compressive 
stresses  indicates  that  the  concrete  must  have  assisted  greatly  in 
resisting  the  compressive  stresses.  Although  the  cracks  seemed 
not  to  be  entirely  closed,  this  must  have  been  merely  a  surface 
condition. 

At  the  sections  where  failure  finally  occurred  there  developed, 
toward  the  end  of  the  tests,  a  change  in  slope  of  the  beams  so 
sharp  that  it  could  be  observed  by  visual  inspection  without 
instruments.  This  phenomenon,  whatever  be  its  cause,  would  be 
expected  to  introduce  a  sharper  curvature  of  the  bar  at  this  point 
than  the  elastic  curvature  of  the  beam  as  a  whole.  Bending 
stresses  in  the  reinforcing  bars  independent  of  those  in  the  beam 
as  a  unit  would  result,  and  this  may  assist  in  explaining  the  early 
failure  of  some  of  the  beams. 

7.  EFFECT  OF  REPETITION  OF  BENDING  STRESSES  ON  PHYSICAL 
PROPERTIES  OF  STEEL  REINFORCEMENT 

The  physical  tests  indicated  very  little  change  in  the  properties 
of  the  steel  due  to  the  repetition  of  load  on  the  beam.  Table  1 1 
shows  a  comparison  of  yield  point,  ultimate  strength,  ultimate 
elongation,  and  reduction  of  area  for  specimens  of  the  steel  taken 
before  making  the  beams  and  for  specimens  taken  from  the  beams 
after  failure.  Each  value  is  derived  from  the  tests  of  four  to  nine 
specimens.  This  table  shows  that  the  original  values  were  slightly 
smaller  than  those  obtained  from  specimens  cut  from  three  of 
the  beams  after  the  reversal-of -stress  tests,  but  the  original  values 
were  somewhat  greater  for  the  specimens  applying  to  beam  5B1 
than  the  average  values  obtained  from  specimens  cut  from  the 
beam  after  failure.  In  most  cases  the  difference  is  so  slight  that 
it  is  probably  accidental. 

TABLE  ll.^Comparison  of  Properties  of  Reinforcing  Steel  after  Repeated  Loading 
witli  Properties  before  Repeated  Loading 

[Values  are  ttated  in  percentafe  in  corresponding  values  obtained  before  use  in  beam  tests) 


Beam  No. 

Yield 
point 

Ultimate 
strength 

Uttfanate 

elonga- 

tkm 

Reduc- 
tion of 
area 

5A1 

Percent 

106.0 
99.0 
100.0 
103.0 

Percent 
102.3 
104.8 
103.4 
100.6 

Percent 

132.9 
98.3 
119J 
101.7 

Percent 

112.3 

5B1          

95.5 

5F1 

103.6 

5L1 

103.6 
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In  the  failures  under  repeated  stress,  no  necking  of  the  bars 
could  be  detected,  and  this  is  characteristic  of  fatigue  tests  of 
steel.  Almost  the  same  ultimate  elongation  was  shown  in  the 
tension  tests  of  the  steel  specimens  taken  from  the  bars  before 
molding  of  the  test  beams  and  from  the  bars  which  had  been 
subjected  to  repeated  stress  in  the  beams.  This  indicates  that  the 
general  structure  of  the  steel  was  not  affected  by  the  repeated 
reversal  of  stress. 

8.  CHEMICAL  COMPOSTnON  OF  STEEL  REINFORCEMENT 

Table  6  shows  the  chemical  composition  of  the  steel  used  as 
reinforcing  for  the  test  beams  and  also  for  some  of  the  concrete 
ships  and  barges  built  by  the  Emergency  Fleet  Corporation.  This 
table  shows  that  the  steel  used  in  the  test  beams  was  generally 
much  lower  in  carbon  and  much  higher  in  phosphorus  than  that 
used  in  the  ships  and  barges.  It  is  generally  believed  that  low 
carbon  content  reduces  the  resistance  of  the  steel  to  fatigue,  and 
that  high  phosphorus  content  reduces  its  resistance  to  shock.  It 
has  been  stated  that  **  in  normal  steels  the  strength  against  fatigue 
increases  with  the  carbon  content  up  to  about  0.09  carbon,'*  ^®.and 
that  **  Phosphorus  is  especially  dangerous  in  railroad  rails  which 
are  exposed  to  severe  shocks  in  service,  *  *  *.  For  most 
purposes  not  more  than  0.05  per  cent  of  phosphorus  is  allowable 
in  steel,  except  for  thin  rolled  plates,  etc."  " 

Beam  5L1  was  the  only  one  in  which  the  chemical  analysis  of 
the  steel  approached  that  ordinarily  expected  in  a  good  grade  of 
reinforcing  steel.  Yet  that  beam  failed  tinder  an  unexpectedly 
small  niunber  of  repetitions  of  reversed  stress.  This  fact  indicates 
that  the  poor  grade  of  reinforcing  used  in  the  other  beams  is  not 
in  itself  sufficient  to  account  for  the  early  failure  of  those  beams. 

9.  EFFECT  OF  REST  PERIODS  ON  NUMBER  OF  CYCLES  THAT 
CAUSED  FAILURE 

Reference  to  Fig.  25  shows  when  rest  periods  occurred  in  the 
tests.  There  is  no  indication  in  Figs.  17  to  23  that  these  rest 
periods  affected  in  any  way  the  amoimt  of  the  deformation.  This 
result  might  be  expected,  but  Fig.  26  seems  to  indicate  that  an 
increase  in  the  proportion  of  the  time  during  which  the  machine 
was  not  in  operation  caused  a  marked  increase  in  the  niunber  of 
cycles  which  was  required  to  cause  failtue.  It  is  believed  that 
the  arrangement  of  the  plotted  points  must  be  largely  accidental, 

'*  J.  B.  Johnson.  Materials  oi  Construction,  fifth  ed.,  p.  776. 
*>  H.  P.  Moore.  Materials  of  Bngineering,  p.  96. 
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since  there  were  inequalities  in  the  stresses  developed  which  would 
be  expected  to  destroy  the  regularity  of  the  curves. 

It  is  not  to  be  expected  that  a  given  period  of  rest  will  have 
equal  value  in  prolonging  the  life  of  a  beam,  regardless  of  the  stage 
of  the  test  at  which  the  rest  period  occiu^. 


MH>  200  JOO  400  JfOO  600 

Number  of  Cycles  /n    Thocoancb 

Fio.  2$.— Continuity  of  tests  for  beams  ^Ait  ^Fit  and  ^Ll 

The  rest  periods  also  varied  greatly  in  length  and  were  irregular 
in  their  frequency. 

When  these  facts  are  taken  into  consideration,  it  seems  that 
less  importance  should  b^  attached  to  the  cm-ves  in  Fig.  26  than 
their  regularity  would  indicate. 
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10.  RELATION  BETWEEN  MAGNITUDE  OF  BENDING  STRESSES  AND 
NUMBER  OF  CYCLES  THAT  CAUSED  FAILURE 

In  Fig.  27  the  abscissas  represent  the  number  of  cycles  of  load 
which  caused  failtire  in  all  beams  except  5C1  and  the  ordinates 
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Fio.  a6. — Ratio  of  rest  periods  to  total  time  of  test 

represent  the  tensile  stress  in  the  reinforcing  bars  corresponding 
to  the  measm-ed  deformations  at  the  same  load.  Fig.  28  is 
similar  except  that  the  ordinates  represent  the  arithmetical  sum 
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Number  of  Cycles  in  Thousands 

Fig.  27. — Relation  between  tensile  stress  and  number  of  cycles  at  failure 


2000 


of  the  tensile  and  compressive  stresses  instead  of  the  tensile 
stresses  alone. 

The  data  of  beam  5C1  are  included  in  these  figiu-es  although 
the  test  of  that  beam  was  not  carried  to  the  point  of  failtu-e. 
They  are  used  to  indicate  the  trend  of  the  ciu-ve  although  it  is 
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recognized  that  the  inclusion  of  these  data  is  not  fully  justified. 
In  Fig.  27  the  stresses  for  beam  5C1  for  the  upward  load  are  given 
no  weight  in  determining  the  positions  of  the  ciu-ves.  The 
upward  load  was  much  less  than  the  downward  load,  and  the 
stresses  were  correspondingly  smaller.  Therefore  it  is  not  likely 
that  the  time  of  failm-e  would  depend  to  any  extent  upon  the 
number  of  repetitions  of  the  upward  load. 

Although  the  discussion  in  Part  IV,  article  7,  indicates  that 
the  tension  failure  of  the  steel  in  these  beams  can  not  have 
been  due  directly  to  the  large  niunber  of  repetitions  of  the  tensile 
stress,  nevertheless  Figs.  27  and  28  indicate  that  there  is  some  rela- 
tion between  the  nimiber  of  cycles  of  load  required  to  cause 
failtu-e  and  the  tensile  stress  developed.    The  ntunber  of  cycles 
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Fig.  28. — Relation  between  sum  of  compressive  and  tensile  stresses  and  number  of  cycles 

atfailure 

decreased  with  the  increase  of  stress,  except  in  the  case  of  beam 

5A1. 

In  Part  IV,  article  3,  it  was  suggested  that  the  formation  of 
the  pronoimced  crack  in  the  top  flange  of  beam  5F1,  and  the 
consequent  bending  of  the  bar  at  this  crack,  may  have  been  an 
important  element  in  bringing  about  tension  failure  of  the  bar. 
If  this  explanation  applied  to  all  similar  cases,  bending  would  be 
likely  to  be  more  severe  in  beams  where  the  tensile  stresses  are 
high  than  in  those  where  they  are  low.  This  would  help  to 
accoimt  for  the  results  shown  in  Figs.  27  and  28. 

On  the  other  hand,  it  seems  that  the  arrangement  shown  in 
Figs.  27  and  28  may  be  largely  accidental.  In  beam  5L1  large 
bars,  I  }i  inches  in  diameter,  were  used  and  a  slip  of  0.06  inch 
at  one  end  of  one  of  the  bars  took  place  before  failtwe  occurred. 
Both  of  these  facts  would  cause  one  to  expect  more  severe  stresses 
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at  the  crack  due  to  the  bending  of  the  bars  than  would  be  expected 
with  small  bars  and  with  no  end  slip  of  the  bars.  It  may  be 
this  action,  rather  than  the  severity  of  the  tensile  stress  plotted 
in  Fig.  27,  which  accoimts  for  the  early  failm-e  of  this  beam. 

Beam  5B1  failed  imder  the  smallest  niunber  of  applications  of 
load,  and  both  the  calculated  and  measured  stresses  were  higher 
in  this  beam  thar  in  any  other.  However,  it  has  been  pointed 
out  in  Part  IV,  article  5,  that  the  early  failure  of  this  beam  may 
have  been  due  as  much  to  the  reduction  in  area  caused  by  the 
gage  holes  in  the  small  bars  used  as  to  the  intensity  of  the  tensile 
stress. 

With  the  possibility  of  explaining  the  failures  of  beams  5B1 
and  5L1  on  other  groimds  than  the  tensile  stress  produced  in  the 
steel  reinforcement,  and  with  beam  5A1  not  conforming  to  the 
suggested  relation  between  intensity  of  stress  and  nimiber  of 
cycles  which  caused  failure,  it  seems  possible  that  the  arrange- 
ment of  plotted  points  shown  in  Figs.  27  and  28  may  be  accidental. 

11.  POSITION  OF  NEUTRAL  AXIS 

The  positions  of  the  neutral  axis  for  the  beams  tested  are  shown 
in  Figs.  29  to  33. 

Fig.  19  gives  the  deformations  in  the  reinforcing  bars  on  the 
south  side  of  beam  5B1  at  the  top  and  at  the  bottom  of  the  beam. 
A  study  of  this  figure  shows  that  up  to  about  50  000  cycles  of 
load  the  amoimt  of  tension  was  nearly  the  same  on  the  top  with 
the  load  acting  upward  as  that  on  the  bottom  with  the  load 
acting  downward,  and  that  the  amoimt  of  compression  was 
nearly  the  same  on  the  top  with  the  load  acting  downward  as  that 
on  the  bottom  with  the  load  acting  upward.  A  similar  state- 
ment may  be  made  regarding  the  bars  on  the  north  side,  Fig. 
19.  These  relations  are  as  should  be  expected  when  the  upward 
loads  and  the  downward  loads  are  equal  and  when  the  reinforc- 
ing bars  in  the  top  and  in  the  bottom  of  the  beam  are  at  equal 
distances  from  the  neutral  axis.  The  equality  of  stress  in  top 
and  bottom  bars  imder  conditions  of  tension  and  compression, 
respectively,  was  not  preserved,  in  general,  after  the  number  of 
load  cycles  had  exceeded  50  000. 

It  would  also  be  expected  that  the  deformations  at  the  top 
and  at  the  bottom  of  the  beam  would  be  the  same  at  any  instant 
on  the  north  side  as  those  on  the  south  side,  but  a  study  of  Fig. 
1 9  shows  that  they  were  not  equal  for  beam  5B  i .  The  differences, 
however,  are  such  as  to  make  the  range  in  deformation  from 
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tension  to  compression  at  any  one  gage  line,  either  on  the  top  or 
on  the  bottom,  the  same  as  the  total  difference  in  deformations 
between  a  gage  line  on  a  top  bar  and  one  on  a  bottom  bar.  These 
relations  are  made  much  more  clear  by  a  study  of  the  strain 
distributions  for  beam  5B1  that  are  shown  in  Fig.  30.  The 
individual  points  plotted  show  the  extreme  range  of  deformations 
corresponding  to  load  cycles  above  about  10  000  and  below 
about  50  000.  The  lines  are  drawn  through  the  mean  values 
represented  by  the  points. 

From  these   strain  distributions  the  approximate  positions  of 
the  neutral  axis  for  the  upward    loads  and  for  the  downward 
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Fig.  II. — Strain  distribution  and  positions  of  neutral  axis  for  beam  §Ll 

loads  have  been  determined  and  are  shown  in  the  same  figure. 
The  neutral  axes  imder  the  conditions  of  upward  and  downward 
loading  do  not  coincide,  nor  are  they  parallel,  but  the  symmetry 
of  the  two  neutral  axes  about  the  horizontal  center  line  of  the 
beam  may  be  of  some  interest.  The  convergence  of  these  axes 
could  be  accoimted  for  by  a  curvature  in  the  horizontal  projection 
of  the  beam,  but  there  is  no  evidence  that  any  appreciable  amount 
of  warping  sideways  existed.  However,  a  certain  looseness  in 
the  bearings  of  the  testing  machine  was  observed,  and  it  is  possible 
that  this  introduced  a  slight  inclination  of  the  beam  in  one  direc- 
tion when  the  load  was  acting  downward  and  in  the  opposite 
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direction  when  the  load  was  acting  upward.  This  would  bring 
about  the  conditions  which  were  observed.  Another  possible 
explanation  of  the  convergence  of  the  neutral  axes  may  be  found 
•in  the  lack  of  homogeneity  in  the  concrete,  which  might  have 
considerable  effect  on  the  elasticity  of  opposite  sides  of  a  beam 
of  small  cross  section. 

Similar  diagrams  are  shown  for  beams  5A1,  5C1,  5F1,  and  5L1. 
It  shotdd  be  noted  that  the  strain  readings  in  all  of  these  cases 
were  taken  with  the  machine  in  operation,  and  it  is  not  possible 
to  show  the  instantaneous  position  of  the  neutral  axis  because 
readings  could  not  be  taken  on  all  of  the  gage  lines  simultaneously. 
However,  the  deformation  curves  of  Figs.  17  to  23  maintain 
nearly  enough  the  same  positions  in  relation  to  each  other  to 
indicate  that  by  plotting  the  extreme  range  of  deformations  for 
a  small  ntunber  of  cycles  the  average  would  represent  with  reason- 
able accuracy  the  conditions  which  existed  at  a  given  time.  This 
procedure  has  been  followed  in  preparing  the  diagrams  shown  in 
Figs.  29  to  33.  The  deformation  measurements  were  taken  on 
the  side  of  a  bar  at  the  level  of  its  center  line. . 

The  positions  shown  for  the  reinforcing  bars  in  Figs.  29  to  33 
were  determined  by  meastu-ements  on  the  sections  after  the  beams 
had  been  tested  and  sawed  in  two,  except  for  beam  5C1.  This 
beam  has  not  been  sawed  in  two,  and  the  positions  shown  are 
those  indicated  in  the  design  of  the  beam. 

Any  error  of  observation  is  likely  to  show  itself  in  an  apparent 
inclination  of  the  neutral  axis.  In  Figs.  29  and  31,  representing 
beams  5A1  and  5C1,  all  of  the  inclination  present  may  be  due  to 
errors  of  observation.  Figs.  30  and  32,  for  beams  5B1  and  5F1, 
show  marked  inclination  of  the  neutral  axis,  and  it  is  likely  that 
these  diagrams  represent  approximatfely  actual  conditions  in  the 
beams. 

For  beam  5L1  the  neutral  axis,  as  shown  in  Fig.  33,  is  horizontal. 
In  this  beam  there  was  only  one  bar  in  the  top  and  one  in  the 
bottom  and  the  measurements  were  taken  on  only  one  side  of 
the  beam;  consequently,  the  data  furnish  no  basis  for  determining 
the  inclination  of  the  neutral  axis,  if  such  existed. 

The  data  for  beam  5C1  for  upward  load  seem  inconsistent  and 
have  not  been  plotted  in  Fig.  31.  The  peculiar  showing  in  Fig. 
20,  in  which  compression  is  sometimes  found  where  tension  should 
be  expected,  is  not  imderstood.  The  smallness  of  the  upward 
load  in  relation  to  the  downward  load,  the  consequent  importance 
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of  any  residual  deformations,  and  the  importance,  relatively,  of 
small  errors  of  observation  were  factors  which  probably  contrib- 
uted to  the  inconsistencies  in  the  data. 

12.  SUMMARY 

(a)  For  all  of  the  beams  tested  failiu-e  was  by  tension  in  the 
steel.  Generally  the  beams  in  which  the  highest  stresses  were 
developed  in  the  test  withstood  a  smaller  number  of  repetitions 
of  load  than  those  in  which  the  measured  stresses  were  smaller. 
However,  even  the  largest  ntmiber  of  repetitions  was  so  small 
that  failure  in  the  steel  would  not  have  been  expected  at  the  time 
at  which  it  did  occur  considering  that  the  observed  stresses  were 
so  low.  Other  factors  than  the  intensity  of  the  tensile  and  com- 
pressive stresses  seem  to  have  had  a  part  in  bringing  about  the 
early  tension  failure. 

(6)  All  of  tlie  tension  failures  in  the  reinforcing  bars  occurred 
at  sections  where  large  cracks  extended  entirely  across  the  section 
of  the  beam.  It  is  possible  that  in  some  cases  the  bending  at 
these  cracks  was  sufficient  to  make  the  bending  of  the  bar  an 
important  factor  in  causing  failure.  The  slipping  of  bars  at  the 
ends,  such  as  happened  in  beam  5L1,  would  permit  the  opening 
of  wide  cracks  and  accentuate  this  tendency. 

(c)  The  presence  of  the  gage  holes  in  the  bars  seems  to  have 
had  some  influence  in  hastening  tension  failure,  but  this  influence 
is  not  very  distinct. 

(d)  The  quality  of  steel  used  for  most  of  the  reinforcement  was 
poor,  and  this  would  contribute  to  bringing  about  early  failure. 
However,  this  alone  would  not  account  for  the  small  ntunber  of 
repetitions  of  stress  generally  required  to  produce  f  ailiure. 

(e)  The  effect  of  the  repeated  loading  on  the  physical  properties 
of  the  steel  reinforcement  was  slight,  at  most;  the  indications  of 
the  presence  of  any  effect  probably  is  accidental. 

(/)  Although  there  appears  to  exist  a  marked  effect  of  the  rest 
periods  on  the  life  of  the  beam,  it  seems  unreasonable  to  believe 
that  the  apparent  effects  are  anything  more  than  accidental. 

ig)  After  7000  repetitions  of  a  bond  stress  of  161  pounds  per 
square  inch  the  slip  at  the  end  of  the  bar  in  beam  5L1  was  less 
than  o.ooi  inch;  that  is  to  say,  less  than  the  amoimt  which  has 
been  taken  as  tlie  criterion  of  safe  conditions  based  on  tests  of  the 
bond  resistance  between  concrete  and  steel.  Yet,  after  400  000 
cycles  of  load,  the  amoimt  of  slip  had  increased  so  much  that 
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failure  by  slipping  of  the  bars  seemed  imminent.  It  seems  that 
the  intervention  of  tension  failure  at  an  unexpectedly  small  number 
of  repetitions  of  load  prevented  the  bond  failure  of  this  specimen. 

(A)  Generally  the  neutral  axes  of  the  beams  were  inclined, 
suggesting  a  slight  eccentricity  in  the  application  of  the  load. 
It  is  not  apparent  that  the  conditions  causing  this  inclination  of 
the  neutral  axis  should  have  ati3rthing  to  do  with  shortening  the 
life  of  beams  under  reversal  of  stress. 

The  tests  reported  herein  indicate  the  importance  of  conduct- 
ing further  research  upon  the  effect  of  repeated  reversals  of  stress 
in  reinforced  beams. 

WASfflNGTON,  July  9,  1920. 
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NOTES  ON  SMALL  FLOW  METERS  FOR  AIR.  ESPE- 
CIALLY ORinCE  METERS » 


By  Edgar  Buckingham 


ABSTRACT 

The  paper  contains  information,  compiled  for  the  use  of  physiologists  of  the 
Chemical  Warfare  Service,  on  the  selection,  design,  and  properties  of  small  flow 
meters  for  air. 


1.    FORM   OF   ORIFICE 

If  an  orifice  meter  is  adopted,  it  is  not  advisable  to  use  a  very 
thin  orifice  plate,  nor,  if  the  plate  is  thick,  to  chamfer  it  on  the 
outside  so  as  to  give  the  orifice  a  sharp  edge.  The  thickness  of 
the  plate  should  be  about  one  and  one-half  times  the  diameter  of 
the  orifice,  and  after  a  hole  of  the  required  diameter  has  been 
drilled  through  the  plate  it  should  be  rounded  oflf  to  a  trumpet 
shape  on  the  inlet  side,  so  ds  to  give  an  easy  entrance.  A  suitable 
profile  is  a  quarter  circle  of  radius  slightly  less  than  the  thickness 
of  the  plate,  set  tangent  to  the  hole  already  drilled  and  to  the 
entrance  face  of  the  plate,  thus  leaving  the  orifice  cylindrical  for 
a  short  distance  in  from  the  exit  face. 

An  orifice  of  this  sort,  if  carefully  made  and  smoothly  finished, 
will  give  a  discharge  which  is  within  a  few  per  cent  of  the  so-called 
'*  theoreticar'  discharge.  This  is  convenient  because  the  size  of 
orifice  needed  for  a  particular  purpose  may  then  be  computed 
approximately  from  the  theoretical  equations,  which  is  not  the 
case  for  sharp-edged  orifices. 

*  These  notes  were  prepared  in  December,  1917,  at  the  request  of  the  Chemical  Warfare  Service  and  were 
intended  primarily  for  the  use  of  physiologists.  Various  calls  for  the  same  sort  of  information  have  made  it 
seem  desirable  to  publish  them. 
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2.     COMPUTATION    OF    THE    THEORETICAL    DISCHARGE 
THROUGH  A  FRICTIONLESS   ORIFICE 

Let- 

Z5  =the  diameter  of  the  orifice  in  miUimeters. 

h  =  the  pressure  drop  at  the  orifice. 

/>  =  the  pressure  of  the  air  on  the  inlet  side,  or  the  '*  initial 

pressure." 
/>!=/>- A  =  the  pressure  on  the  exit  side,  or  the  '*back  pres- 
sure.** 
r  =  />!  -^  /).     It  is  assumed  that  the  pressure  drop  h  is  not  more 

than  0.4  />,  so  that  the  pressure  ratio  r  is  always  between 

0.6  and  1 .0. 
T  =  the  absolute  temperatiu-e  of  the  air  on  the  inlet  side,  or 

the   **  initial   temperature,*'   measiu-ed   in    centigrade 

degrees. 
V  =  the  rate  of  discharge  of  dry  air  in  liters  per  minute,  meas- 

ured  under  the  initial  conditions  p,  T. 
Then  the  theoretical  discharge  is  given  by  the  equation : ' 


y  =  2.12  D^^fryry  -  rf 


(I) 


It  may  be  noted  that  the  absolute  values  of  the  pressures  do 
not  appear  explicitly  in  this  equation.  If  the  initial  and  final 
pressures  are  both  doubled,  the  mass  of  air  discharged  per  minute 
will  also  be  doubled;  but  since  V  is  now  to  be  measured  at  this 
doubled  initial  pressure,  its  value  in  liters  per  minute  will  remain 
imchanged  and  may  still  be  found  from  equation  (i). 

The  volume  which  these  V  liters  of  air  would  occupy  at  any 
other  temperature  and  pressiu-e  may  be  foimd  by  means  of  the 
familiar  relation  pV=RT.  In  particular,  the  volume  Vo  which 
the  air  discharged  per  minute  would  occupy  if  measured  in  liters 
at  o®  C  and  at  a  pressiu-e  of  760  mm  of  mercury,  is  given  by  the 
equation 


^0  =  0.761  D'-±^rl^rT  (2) 

in  which  p  is  expressed  in  miUimeters  of  merciuy. 

<A  deduction  of  this  equation  is  given  in  a  note  at  the  end  of  the  pai>er. 
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3.  THE  RELATION   OF  ACTUAL  TO   THEORETICAL 

DISCHARGE 

In  practice,  the  discharge  of  dry  air  fron^  an  orifice  or  nozzle  of 
the  form  described  in  section  i  is  found  to  be  a  little  less  than  the 
value  computed  from  equation  (i)  or  (2).  The  ratio  of  the  actual 
to  the  theoretical  discharge  is  known  as  the  discharge  coefficient. 
For  orifices  of  a  diameter  of  2  mm  or  more  the  dsicharge  coefficient 
will  usually  be  over  0.9  and  may  be  nearly  i .  Hence  the  theoret- 
ical equation  enables  us  to  compute  beforehand  about  what  size 
of  orifice  will  be  needed  for  a  given  discharge  under  given  condi- 
tions, and  so  to  design  or  to  select  an  orifice  suitable  for  the  pur- 
pose in  hand. 

But  it  is  not  possible  to  predict  the  value  of  the  discharge  coeffi- 
cient exactly;  and,  furthermore,  the  value  is  not  constant  for  a 
given  orifice,  but  varies  with  the  pressure  ratio  r.  Hence  each 
orifice  must  be  standardized  by  experiment^  at  various  values  of  r. 
For  orifices  which  are  large  enough  that  accurate  reproduction  is 
mechanically  practicable,  a  single  standardization  may  suffice  for 
a  number  of  similar  orifices;  but  for  diameters  of  only  i  or  2  mm 
such  acciu-acy  is  difficult  of  attainment,  and  should  not  be  assumed 
without  investigation. 

It  is  not  possible  to  give  exact  formulas  for  moist  air;  but  it  may 
be  said  that,  unless  the  air  is  so  moist  that  water  is  deposited  in 
the  orifice,  the  discharge  will  not  differ  much  from  that  for  dry 
air.  If  water  is  deposited  on  the  walls  of  the  orifice,  the  discharge 
rate  is  liable  to  be  irregular.  For  security,  the  air  should  be  dry, 
when  practicable,  or  the  orifice  should  be  slightly  warmed  to  pre- 
vent the  deposition  of  water  upon  it. 

4.  THE   EFFECT    OF   VARIATIONS   IN   THE   INITIAL 

TEMPERATURE   OF  THE   AIR 

While  the  discharge  coefficient  of  a  given  orifice  varies  some- 
what with  the  pressure  ratio,  it  is  not  sensibly  affected  by  moder- 
ate changes  in  the  initial  temperature  of  the  air;  and  for  an  initial 
temperatiu-e  range  of  o  to  50®  C  it  is  safe  to  treat  the  discharge 
coefficient  as  independent  of  the  temperatiwe.  This  means  that 
when  an  orifice  has  been  standardized  at  one  temperatiwe,  the 
same  standardization  may  be  used  for  other  temperatures  if  the 
changes  of  temperatiu*e  are  allowed  for  as  indicated  in  the  theo- 
retical equations  already  given.  If  the  air  reaching  the  orifice  is 
at  ordinary  room  temperatiu*e,  in  the  vicinity  of  20°  C  or  293° 
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absolute,  a  change  of  i°  C  changes  the  value  of  V  or  of  Vo  by  a 
trifle  more  than  one-eighth  of  i  per  cent.  Hence,  if  no  greater 
accuracy  than  i  per  cent  is  required,  an  orifice  that  has  been  stand- 
ardized at  I  temperature— e.  g.,  i8°  C — ^may  be  used  without  any 
temperatiu-e  correction  for  any  temperatiu-e  within  5  or  6°  of  the 
temperatiu-e  at  which  the  experimental  standardization  was  car- 
ried out. 

5.   THEORETICAL  DISCHARGE  CURVE  IN  TERMS  OF  THE 

SUCTION   HEAD 

In  using  an  orifice  meter  the  quantity  primarily  observed  is 
the  pressiwe  drop  h;  the  initial  temperature,  and  either  the  initial 
or  the  back  pressure  being  also  observed  if  not  already  known. 

Having  the  values  of  h  and  either  p  or  p^  we  mdy  set  r^^^^j— or 

r  =  ^,    and  compute  the  theoretical  discharge  by  means  of 

equation  (i). 

But  since  the  computation  is  rather  cumbersome,  it  is  con- 
venient, if  many  problems  relating  to  the  same  initial  conditions 
are  to  be  solved,  to  construct  once  for  all  a  curve  giving  V  in 
terms  of  h  for  those  conditions.  Fiu-thermore,  since  D  enters 
the  equation  very  simply,  it  is  well  to  construct  the  curve  for 
D  =  i  mm  and  allow  separately  for  changes  in  D, 

Let  us  therefore  set  -D  =  i ;  and  let  us  adopt,  as  our  fixed  initial 
conditions,  18®  C  and  i  atmosphere  pressiu*e,  the  air  being  drawn 
through  the  orifice  by  the  suction  h  and'  the  back  pressure  being 
less  than  atmospheric.  We  now  have  7  =  291,  and  equation  (i) 
reduces  to 

^  =  36.17^"^^^=^  (3) 

Let  us  suppose,  fiu-ther,  that  the  pressiu-e  drop  h  is  measured  in 
centimeters  of  water.  Then,  since  a  head  of  760  mm  of  merciuy 
is  equivalent  to  a  head  of  1034  cm  of  water,  we  have  to  substitute 
in  equation  (3)  the  value  r=(i034  — fe)/io34.  By  using  various 
values  of  h  we  may  then  compute  the  corresponding  values  of 
the  theoretical  discharge  V  and  plot  a  curve  showing  the  relation 
of  y  to  A  for  an  orifice  of  i  mm  diameter  imder  the  given  initial 
conditions.    Such  a  ciuve  is  appended  to  this  paper. 
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6.    ILLUSTRATIONS   OF  THE  USE  OF  THE  THEORETICAL 
DISCHARGE   CURVE 

The  method  of  using  such  a  curve  may  be  illustrated  by  the 
following  examples: 

(a)  Suppose  we  wish  to  know  the  rate  at  which  air  imder  the 
above-described  initial  conditions  will  be  sucked  through  a  2.6 
mm  orifice  by  a  head  of  27  cm  of  water.  Reading  from  the  curve 
at  A  =  27  we  find  1^  =  3.08.  An  orifice  of  2.6  mm  diameter  will 
therefore  give  a  theoretical  discharge  of  3.08x2.6' =  20.8  liters 
per  minute.  Actually,  the  discharge  will  be  a  few  per  cent  less 
than  this.  •  ' 

(6)  Suppose  that  in  the  foregoing  example  the  initial  tempera- 
ture had  been  not  18  but  30°  C;  then  the  theoretical  rate  of  dis- 
charge in  liters  per  minute  measured  at  30°  C  would  have  been 


2o.8./^73±3§  =  2i.2. 
V273-hi8 

(c)  Suppose  that  we  want  to  select  an  orifice  which  shall  dis- 
charge 85  liters  per  minute  with  a  suction  head  of  from  40  to  70 
cm  of  water.  From  the  curve  we  find  that  for  D  =  i ,  at  A  =  40 
V  =  3.72,  and  at  A  =  70  y  =  4.84.    We  must  therefore  use  an  orifice 

of  such  diameter  D  that  j^  lies  between  3.72  and  4.84,  which 

means  that  D  must  lie  between  4.78  and  4.19  mm.    An  orifice  of 

4.5  mm  diameter  would  give  85  liters  per  minute  at  the  same  head 

as  would  be  required  for  an  orifice  at  i  mm  diameter  to  discharge 

8s 
—^  =  4.2  liters  per  minute;  and  we  find  from  the  ciurve  that  the 

4.5'    ^  ^ 

required  theoretical  head  is  A  =  52.2  cm  of  water. 

7.  REMARKS 

It  will  be  sufficiently  evident  from  the  foregoing  examples  how 
the  curve  may  be  used  for  other  temperatures  than  the  one  for 
which  it  was  constructed,  as  well  as  for  other  diameters  than 
I  mm.  But  since  the  use  at  present  proposed  for  the  curve  is 
merely  for  selecting  or  designing  orifices  which  are  then  to  be 
standardized  by  experiment,  and  since  the  (kscharge  coefficient 
will  always  be  in  doubt  by  several  per  cent  until  this  standardi- 
zation has  been  effected,  no  great  acciu^acy  in  using  the  ciuve  is 
needed,  and  allowances  for  temperature  changes  may  as  well  be 
disregarded  so  long  as  the  initial  temperature  remains  between 
o  and  35°  C. 
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To  the  degree  of  approximation  now  in  question  the  curve  may 
also  be  used  for  solving  problems  relating  to  the  discharge  .of  air 
against  a  constant  back  pressure  of  one  atmosphere,  the  head 
h  cm  of  water  being  now  an  excess  pressure  on  the  inlet  side 
above  one  atmosphere.  At  A  =  80,  the  value  of  V  read  from  the 
curve  is  about  3.5  per  cent  greater  than  the  theoretical  discharge 
imder  these  conditions  if  tlje  volume  is  measured  at  18^  C  and 
at  the  initial  pressure  of  (i  atm.  +  A) ;  and  it  is  about  4.5  per  cent 
less  than  if  the  volume  is  measured  at  18°  C  and  at  i  atmosphere. 
For  smaller  values  of  h  these  discrepancies  are  smaller;  hence  for 
rough  purposes  the  curve  may  be  used  to  solve  problems  relating 
to  this  second  method  of  working. 

If,  finally,  readings  are  desired  in  terms  of  V©,  the  volume  dis- 
charged measured  under  standard  conditions,  a  curve  may  easily 
be  constructed  from  equation  (2).    The  time-consuming  part  of 

such  work  is  the  computation  of  yri-fi^B.  A  table  of 
values  of  B  in  terms  of  r  from  r  =  0.92  to  r  =  i.oo  is  given  at  the 
end  of  the  paper. 

8.    EFFECT   OF  THE   SPEED   OF  APPROACH 

The  theoretical  equations  given  above  are  deduced  on  the 
assumption  that  the  initial  velocity  of  the  air,  at  the  place  where 
p  and  T  are  measured,  is  so  small  that  its  square  is  negligible  in 
comparison  with  the  square  of  the  speed  of  the  air  through  the 
orifice.  Hence  if  the  orifice  plate  is  merely  inserted  as  a  dia- 
phragm across  a  pipe  which  is  not  much  larger  in  diameter  than 
the  orifice  itself,  the  formulas  as  given  will  be  considerably  in 
error. 

If  the  pressure  drop  at  the  orifice  is  small,  so  that  the  pressure 
ratio  is  not  far  from  unity,  the  density  of  the  air  is  not  very 
different  on  the  two  sides  of  the  orifice.  Hence  the  speeds  in  the 
approach  pipe  and  in  the  orifice  will  be  approximately  inversely 
proportional  to  the  areas,  and  their  squares,  to  the  fourth  powers 
of  the  diameters,  so  that  it  is  not  necessary  to  slow  down  the 
approaching  air  by  introducing  a  large  chamber  at  the  place 
where  the  orifice  js  to  be  put.  If,  for  example,  the  internal 
diameter  of  the  housing  is  5  times  that  of  the  orifice,  the  square 
of  the  speed  through  the  orifice  is  some  625  times  the  square  of 
the  speed  of  approach,  and  a  further  increase  of  the  diameter 
ratio  could  not  have  any  appreciable  effect  on  the  rate  of  flow 
through  the  orifice. 
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9.  REMARKS  ON  SOME  OTHER  SIMPLE, FORMS  Or  FLOW 

METER 

(a)  Sharp-edged  Orifices  or  holes  in  thin  plates  ^e  often 
used  in  flow  meters,  instead  of  the  trumpet-shaped  orifices  or 
nozzles  recommended  in  section  i  above,  and  if  properly  standard- 
ized they  are  satisfactory.  They  have,  however,  the  disadvantage 
that  the  discharge  coefficient  varies  rapidly  with  the  pressure 
ratio  and  may  be  as  small  as  0.6,  so  that  the  theoretical  equations 
can  not  safely  be  used  to  give  ^n  approximate  estimate  of  the 
rate  of  discharge  by  merely  assuming  a  constant  discharge  co- 
efficient of,  say,  0.95,  as  may  be  done  with  an  orifice  which  has  a 
trumpet-shaped  entrance. 

(b)  The  Venturi  Meter,  while  excellent  in  large  sizes,  could 
hardly  be  made  satisfactory  for  rates  of  flow  of  the  order  of  80 
liters  per  minute  or  less;  and  it  would  be  difficult  to  construct  on 
so  small  a  scale  as  would  be  required  unless  recourse  were  had  to 
the  use  of  extremely  delicate  differential  gages  with  their  attendant 
disadvantaged. 

(c)  Capillary  Tube  Meters  in  which  the  pressiu'e  drop  to  be 
measured  is  due  to  the  resistance  of  a  length  of  tube,  have  some 
defects,  of  which  the  most  serious  is  liability  to  obstruction  by 
dust  or  condensed  water  vapor.  For  small  rates  of  flow  the  tube 
must  be  either  very  long  or  very  fine.  Long  tubes  are  incon- 
veniently fragile  if  made  of  glass,  while,  if  the  tube  is  opaque,  the 
presence  of  an  obstructioil  can  be  detected  only  from  the  behavior 
of  the  tube.  On  the  other  hand,  the  fineness  of  bore  needed  when 
the  tube  is  short,  greatly  increases  the  liability  to  obstruction. 
And  though  the  visibility  of  an  obstruction  in  a  glass  tube  may  save 
the  observer  from  relying  on  erroneous  readings  of  flow,  it  does 
not  remove  the  obstruction  nor  obviate  the  necessity  of  either 
cleaning  or  restandardizing. 

Certain  other  points  regarding  capillary  tube  meters  may  also 
be  worth  mentioning.  We  shall  first  suppose  that  the  tube  is 
straight,  and  that  its  length  is  a  large  multiple  of  its  diameter 
(e.  g.,  1000)  so  that  the  resistance  is  only  slightly  influenced  by 
the  natiu-e  of  the  ends  and  is  nearly  proportional  to  the  length  of 
the  tube.  Such  a  tube  may  behave  in  either  of  two  quite  different 
ways. 

If  the  flow  is  slow  enough,  the  rate  of  discharge  is  directly  pro- 
portional to  the  pressure  drop — a  very  simple  and  convenient 
relation;  but  it  is  also  inversely  proportional  to  the  viscosity  of 
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the  air  wx  the  tube;  and  since  in  the  vicinity  of  room  temperature 
the  viscosity  of  air  increases  by  about  0.3  per  cent  per  degree  C 
rise  in  t^nperature,  no  great  acciu^acy  can  be  achieved  unless  the 
tube  is  jacketed  in  some  way,  so  that  its  temperature  can  b^  con- 
trolled and  observed. 

On  the  other  hand,  if  the  flow  is  very  rapid,  the  natm-e  of  the  fl.uid 
motion  is  entirely  different;  the  resistance  is  greater  and  the  rate 
of  discharge  increases  more  nearly  as  the  0.6  or  0.5  power  of  the 
pressure  drop.  And,  finally,  there  is  an  ill-defined  intermediate 
range  of  speeds  where  either  of  the  foregoing  regimes  may  establish 
itself,  the  nature  of  the  motion  and  the  relation  of  discharge  to 
pressiu'e  drop  sometimes  changing  suddenly  from  the  first  to  the 
second.  In  this  critical  region  no  standardization  can  be  relied 
on,  and  care  must  be  taken,  not  only  to  avoid  this  range,  but  also 
to  make  sure  that  a  standardization  under  one  regime  is  not,  by 
inadvertence,  extrapolated  to  a  point  where  the  other  regime  is 
the  actual  one. 

Short  tubes  form  a  transition  stage  between  tubes  which  are  so 
long  that  the  nature  of  the  ends  i§  unimportant,  and  orifices  in 
thin  plates  where  only  the  ends  remain  and  the  middle  has  shrunk 
to  nothing.  We  have  very  little  information  about  the  behavior 
of  such  tubes  or  even  of  long  tubes  which  are  not  straight  and 
cylindrical.  It  does  not  follow  that  such  tubes  may  not  be  entirely 
satisfactory  for  use  as  flow  meters  after  they  have  been  standardized 
by  experiment.  But  from  the  standpoint  of  design,  they  present 
the  disadvantage  that  we  have  no  simple  mathematical  theory 
which  we  know  will  represent  their  behavior  sufiiciently  well  to 
enable  us  to  select  the  dimensions  needed  for  a  particular  pxupose 
with  a  certainty  of  getting  approximately  the  desired  result. 

10.  THE  MEASUREMENT  OF  VERY  SMALL   RATES  OF 

FLOW 

For  an  orifice  of  i  mm  diameter  and  for  the  initial  conditions, 
18®  C  and  I  atmosphere  pressiu-e,  we  find  by  reading  from  the 
curve  that  a  discharge  of  i  liter  per  minute  requires,  theoretically, 
a  suction  head  of  about  2.8  cm  of  water.  And  since  this  is  too 
small  a  head  to  be  read  accurately  on  an  ordinary  vertical  U 
gage,  it  is  evident  that  for  rates  of  i  liter  per  minute,  or  less,  a 
more  sensitive  gage  must  be  used,  or,  if  an  orifice  meter  is  to  be 
employed,  the  orifice  must  be  less  than  i  mm  in  diameter. 
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The  sensitiveness  of  the  reading  of  h  may  be  increased  about  lo 
times  by  means  of  an  inclined  U  gage;  but  if  much  more  is  re- 
quired, recourse  must  be  taken  to  some  more  sensitive  tjrpe  of 
differential  gage.  There  is  no  difficulty  in  making  such  gages,  birt 
they  are  likely  to  be  inconvenient  and  sluggish;  and  imless  both 
sides  of  the  gage  are  equally  accessible  to  slight  accidental  irregu- 
larities of  pressure,  such  as  may  arise  from  a  gusty  wind  or  the 
opening  and  closing  of  doors,  very  sensitive  gages  are  not  easy  to 
work  with.  On  the  other  hand,  orifices  of  much  less  than  i  mm 
diameter,  even  when  carefully  finished,  are  so  liable  to  be  affected 
by  dust,  dirt,  or  condensed  water  vapor  that  they  are  not  to^  be 
recommended. 

In  view  of  the  fact  that  the  resistance  of  a  tube  of  given  diam- 
eter can  be  indefinitely  increased  by  increasing  the  length,  it 
seems  likely  that  the  most  convenient  form  of  meter  for  low  rates 
of  flow  will  be  one  in  which  the  resistance  across  which  the  pres- 
sure drop  is  observed  is  fimiished  by  a  capillary  glass  tube,  a  long 
tube  in  coil  form  being  preferred  to  a  short  and  very  fine  straight 
tube.  If  the  air  is  carefully  dried  and  freeSS&rom  dust,  such  a 
tube  should  be  satisfactory  in  the  sense  of  providing  a  constant 
resistance.  ♦ 

If  it  is  not  practicable  or  not  desirable  to  dry  the  air  before  it 
reaches  the  meter,  condensation  in  the  tube  may  be  prevented  by 
keeping  the  tube  at  a  temperattu-e  considerably  above  that  of  the 
incoming  air.  As  already  remarked  in  section  9(c),  the  tempera- 
ture of  the  tube  must  be  controlled  if  acau-ate  measm-ements  are 
to  be  made,  and,  if  the  bath  in  which  the  tube  is  immersed  is  kept 
well  above  the  temperature  of  the  incoming  air,  there  will  be  no 
risk  of  condensation  in  the  tube. 

If  a  meter  of  this  sort  is  adopted,  the  dimensions  of  the  tube 
may  be  chosen  so  aa^<jto  give  a  convenient  pressiue  drop  h  at  the 
desired  rate  of  flow.  Equations  might  be  given  connecting  the 
rate  of  flow  with  the  pressure  drop  for  straight,  roimd  tubes  of 
known  dimensions,  but  they  would  not  be  reliable  for  bent  or 
coiled  tubes.  In  any  event,  such  a  tube  must  be  standardized  by 
experiment;  and,  if  apparatus  for  standardization  is  available,  it 
is  a  simple  matter  to  select  by  trial  a  suitable  tube  for  the  pm*- 
pose  in  hand. 
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It  is  advisable  to  keep  the  discharge  rate  always  well  below  the 
critical  range  mentioned  in  section  9(c) ;  that  is,  to  havet  he  flow 
always  so  slow  that  the  discharge  rate  is  nearly  proportional  to 
the  pressure  drop  h. 

Washington,  December  6,  1920. 
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NOTE 

DEDUCTION  OF  THE  "THEORETICAL  EQUATION" 

Let  a  fluid  be  flowing  steadily  along  a  channel  from  a  section  A ,  where  the.  static 
pressure  is  p  and  the  al^lute  temperature  is  T,  to  a  second  section  Ai,  where  the 
pressure;  and  temperature  are  pi  and  Tj,  the  sections  being  at  the  same  level  so  that 
gravity  may  be  disregarded. 

Let  V,  K,  e  be,  respectively,  the  volume,  the  kinetic  energy,  and  the  internal 
energy,  of  unit  mass  of  the  fluid  as  it  passes  A ;  and  let  symbols  with  subscripts  refer 
to  A  I.  Let  Q  be  the  heat  received  from  without  by  unit  mass  while  it  is  between 
A  and  Ai. 

By  the  first  law  of  thermodynamics,  the  increase  of  energy  per  gram  of  fluid  from 
i4  to  Ai  is  equal  to  the  heat  added  plus  the  excess  of  the  work  done  on  the  fltjid  as 
it  enters  at  A  over  the  work  it  does  on  the  fluid  ahead  of  it  in  issuing  at  Aj.    Hence 

we  have 

(K,+e,)-(K+e)=Q+pv-p,v^. 
Or 

K,-K=^e-ei-\-pv-PiVi+Q   '  (i) 

Let  A I  be  the  section  of  a  stream  issuing  from  a  nozzSfe  pr  orifice,  and  let  A  be  a 
section  farther  upstream  and  of  so  much  larger  area  that  the  speed  at  A  is  small, 
and  the  kinetic  energy  K  therefore  negligible.  Let  us  also  suppose  that  Q  is  negli- 
gible and  the  flow  sensibly  adiabatic.    Then  equation  (i)  taikes  the  simpler  form 


Ki^e-Ci-^-pv-piVi 

This  is  general  and  applicable  to  any  fluid. 
Now  let  the  fluid  be  ideal  gas — ^that  is,  one  for  which  the  equations 

pv==RT 
Cfj^Qonst 
e=TCv-\-consi 
Cp'=Cf}-\-R 


(a> 
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are  satisfied.    Within  the  limits  of  accmracy  neede^jhere,  air  is  such  a  gas.    By 
these  equations  we  may  easily  reduce  equation  (2)  td^the  form 

Xi=Cp(r-ro,  (4) 

which  says  that  the  kinetic  energy  acquired,  per  gram»  is  equal  to  the  product  of  the 
fall,  in  temperatnre  by  the  specific  heat  at  constant  pressure. 

Let  Si  denote  the  arithmetical  mean  speed  over  the  section  Ai.  If  the  speed  were 
uniform  all  over  Ai  and  there  were  no  cross  currents  or  eddies,  we  should  evidently 
have 

and  by  (4)  

S,^^|2CJfJ-T,),  (6) 

The  agreement  of  experiment  with  deductions  from  equation  (6)  is  close  enough 
to  show  that  equation  (5)  is  nearly  fulfilled  under  ordinary  conditions,  and  equation 
(5)  is  therefore  adopted  as  an  assumption,  though  often  not  mentioned  as  such. 

Up  to  this  point  it  has  not  been  assumed  that  the  flow  was  f  rictionless.  If  there  is 
resistance  due  to  viscosity  or  turbulence,  the  fluid  will  be  heated  by  the  dissipation; 
Ti  will  be  raised  and  S^  diminished;  but  equation  (6)  will  remain  satisfied. 

In  short,  well-formed  nozzles  or  orifices  the  resistance  is  small,  and  if  we  neglect 
it  altogether  we  may  treat  the  expansion  of  the  gas  as  not  only  adiabatic,  but  isen- 
tropic,  and  may  then  apply  the  familiar  equations  for  isentropic  expansion  of  an 
ideal  gas,  viz: 

k-t 
/»i;*=const;  T=/>  *    Xconst 

where  k—CjJCy.     By  the  second  of  these  we  have  (7) 

T     \p)  (8) 

So  that  (6)  may  be  written  in  the  form 


Si=-y  2TCp(i-r  *  )  (9) 

an  equation  which  gives  the  speed  Sj  of  the  frictionless  jet  in  terms  of  the  initial 
temperature  T,  the  specific  heat  at  constant  pressure  Cp,  the  pressure  ratio  />i//'=f, 
and  the  specific  heat  ratio  k. 

The  volume  of  gas  passing  A^  in  imit  time  is  V^^A^Si]  ^^(^  ^^  volume  of  this  same 
mass  measured  under  the  initial  conditions  is 


or  by  (9) 


V  V 


"'"'^^i-^^TcXr-r-^)  (»o) 


Let  A I  be  a  circle  of  diameter  D,  and  by  (7)  set  vlv^^^r^ .    Then  substituting 
in  (10)  we  have 


''-^^Tc{A-r-^)  ("> 
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Hiis  holds  for  any  normal  ut^^    For  example:  If  D  is  in  cm,  T  in  ^C,  and  C^  in 
ergs  per  g.  per  **C,  V  will  be  liTcm*  per  second. 

For  dry  air  at  ordinary  pressures  and  temperatures  we  have  k^u4o,  C^ssi.oiX 
lo^  erg/g/**C,  so  that  (i  i)  takes  the  form 

I^  W>ec.]=3S30  BD»[cm»]  ^/f^  (ja) 

where  ^'  * 


/  xo       la 


B^^fi-fi  (13) 

For  V  in  liters  per  minute  and  D  in  millimeters,  this  reduces  to 

r[liters/min.]=2.i2  BD^[mm^]^T^,  (14) 

which  is  given  as  equation  (i)  in  the  body  of  the  paper. 
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I\)  Oi  -^  01 


Fig.  I. — Discharge  curve 
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FRBFACE 

The  investigatioii  herein  reported  wm  conducted  in  cooperation 
with  the  Associated  Factory  Mutual  Fire  Insurance  Compianies 
and  the  National  Board  of  Fire  Underwrite!^,  the  tests  being 
made  at  Underwriters*  Laboratories,  Chicago,  111. 

When  the  assistance  of  this  Bureau  on  certain  portions  of  the 
work  was  sought  during  the  early  part  of  19 14,  the  preparatory 
work  had  been  in  progress  for  about  four  years,  a  building  adapted 
for  the  tests  had  been  erected,  a^d  the  design  of  equipment  and 
test  columns  nearly  completed. 

As  the  safety  of  building  supports  is  a  matter  of  general  public 
interest,  participation  in  the  proposed  investigation  appeared 
justified,  and  a  basis  of  cooperation  was  arranged  whereby  the 
work  was  made  a  part  of  the  investigation  on  the  fire-resisting 
properties  of  building  materials  that  was  then  being  initiated  by 
this  Bureau. 

By  the  method  of  presentation  that  follows.  Section  I  gives  a 
general  outline  of  the  tests;  Sections  II,  III,  and  IV  give  descrip- 
tions of  the  columns,  column  coverings,  and  methods  used  in  their 
preparation;  Section  V  and  Appendix  D,  results  of  auxiliary  tests 
of  materials;  Sections  VI,  VII,  VIII,  and  IX,  descriptions  of  ap- 
paratus and  method  of  testing;  Sections  X  and  XI  and  Appen- 
dices A,  B,  C,  results  of  tests;  Sections  XII  and  XIII,  discussion 
of  test  data  and  conclusions. 

The  full  presentation  of  the  results  of  the  present  investigation 
is  necessarily  of  considerable  extent,  and  familiarity  with  the  gen- 
eral plan  will  be  of  material  aid  in  reading  and,  if  desired,  in 
selecting  for  particular  attention  such  portions  as  may  best  serve 
the  reader's  immediate  piupose. 
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L  INTRODUCTION 
1.  PURPOSB 

The  ptirpose  of  this  investigation  is  to  ascertain  (i)  the  ultimate 
resistance  against  fire,  of  protected  and  unprotected  cohunns  as 
used  in  the  interior  of  buildings;  (2)  their  resistance  agcdnst  im- 
pact and  sudden  cooling  from  hose  streams  when  in  a  highly 
heated  condition. 

While  columns  form  the  most  important  element  in  the  strength 
of  a  building,  few  representative  tests  have  been  made  to  deter- 
mine their  ability  to  support  load  when  exposed  to  fire,  and  fire 
experience  has  only  a  limited  value  due  to  the  many  unknown 
variables  involved.  As  a  consequence,  wide  diflferences  in  re- 
quirements relating  to  the  protection  of  coltimns  against  fixe  exist 
between  diflferent  mimicipal  codes  and  other  published  regulations. 
This  investigation  was  imdertaken  to  obtain  information  on  which 
proper  requirements  for  the  more  general  types  of  cohimns  and 
protective  coverings  can  be  based. 

2.  SCOPS  OF  TBSTS 

The  present  series  consists  of  106  tests  of  columnst  of  which  91 
were  fire  tests  and  15  fire  and  water  tests. 

The  fire  test  series  includes  (i)  tests  of  representative  types  of 
unprotected  structural  ste?el,  cast  iron,  concret^fiUod  pipe,  and 
timber  columns ;  (2)  tests  wherein  the  metal  was  partly  prortected 
by  filling  the  reentrant  portions  or  interior  of  columns  with  con- 
crete; (3)  tests  wherein  the  load-carrying  elementsof  the  columns 
were  protected  by  2-inch  or  4-inch  thicknesses  of  concrete^  hollow 
clay  tile,  clay  brick,  gypsum  block,  and  also  siigle  or  double 
layer  of  metal-lath  and  plaster;  (4)  reinforced-concrete  columns 
with  2-inch  integral  concrete  protection. 

The  covering  materials  for  each  class  of  protection  were  obtained 
from  the  main  producing  regions  of  the  country,  the  object  being 
to  include  samples  from  the  principal  mineralogical  subdivistons 
that  find  general  {^plication  in  building  construction.  A  large 
number  of  auxiliary  tests  of  constituent  materials  were  made, 
including  several  hundred  compression  tests  of  the  concrete 
employed. 

The  test  columns  were  designed  for  a  working  load  of  approxi- 
mately 100  000  pounds,  as  calculated  according  to  accepted  foxr 
mtdas,  the  amount  varying  somewhat  for  the  different  sections. 
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llie  load  was  maintained  constant  on  the  a>lumn  during  the  test, 
the  efficiency  of  the  column  or  its  covering  being  determined  by 
the  length,  of  time  it  withstood  the  combined  load  and  fire  exposure. 

The  latter  wias  produced  by  placing  the  coltmm  in  the  chamber 
of  a  gas-fired  ftunace  whose  temperature  rise  was  regulated  to 
conform  with  a  predetermined  time-temperature  relation.  Meas- 
tu'ements  were  taken  of  the  temperature  of  the  furnace  and  test 
column  and  of  the  deformation  of  the  latter  due  to  the  load  and 
heat. 

In  the  fire  and  water  tests  the  cohinm  was  loaded  and  exposed 
to  fire  for  a  predetermined  period,  at  the  end  of  which  the  furnace 
doors  were  opened  and  a  hose  stream  applied  to  the  heated  colimm, 
the  diuiation  of  the  application  and  the  pressure  at  the  nozzle 
varying  with  the  length  of  time  the  corresponding  tjrpe  of  column 
withstood  the  regular  fire  tests. 

3.  AcmOWLBDGMBNTS 

The  tests  were  jointly  conducted  by  the  Associated  Factory 
Mutual  Fire  Insurance  Companies,  the  National  Board  of  Fire 
Underwriters,  and  the  Bmreau  of  Standards.  The  fire  tests  were 
made  at  Underwriters'  Laboratories,  Chic^o,  111.  The  fiunace 
and  related  equipment  were  designed  and  constructed  by  Under- 
writers' Laboratories  dining  the  period  1912  to  191 7,  the  work 
being  coordinated  with  a  general  building  pn^^ram  that  was  carried 
out  by  them  at  that  time.  Its  use,  except  for  repairs  and  replace- 
ments, was  donated  for  the  tests.  Preliminary  work  relative  to 
the  testing  schedule  was  begtm  as  early  as  1910  by  the  Associated 
Factory  Mutual  Fire  Insturmce  CompMiies  and  Underwriters' 
Laboratories,  the  cooperation  of  this  Btu-eau  beginning  in  1914. 
A  final  schedule  of  tests  was  adopted  in  March,  1916.  The  pre- 
paratory woric  of  covering  and  placing  the  test  colimms  extended 
from  May,  1916,  to  May,  1917.  With  the  completion  of  the 
equipment,  testing  of  columlns  beg£m  in  June,  191 7,  and  was  com- 
pleted in  December,  19 18.  This  paper  in  its  final  form  was  ap- 
proved by  the  cooperating  parties  in  December,  1920. 

The  apparatus  for  measumg  temperature  and  deformation  was 
supplied  by  this  Bureau.  Auxiliary  physical  and  chemical  tests 
of  the  materials  of  the  test  columns  Mid  their  protective  coverings 
were  made  at  the  Washington  and  Pittsbiu*gh  laboratories  of  the 
Biu^eau. 
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The  expense  for  labor  and  material  was  shared  on  an  equal  basis 
by  the  ttoee  cooperating  units.  The  materials  were  in  part  pur- 
chased under  the  usual  specifications,  and  in  part  supplied  gratis 
by  the  following  companies,  whose  cordial  cooperation  is  herewith 
acknowledged: 

American  Bridge  Co.,  Chicago,  111.,  steel  test  coltinms. 

Bethlehem  Steel  Co.,  South  Bethlehem,  Pa.,  steel  test  oolamas. 

Chicago  Bridge  8c  Iron  Works,  Chicago,  111.,  steel  test  columns. 

R.  D.  Cole  Manufacturing  Co.,  Newnan,  Ga'.,  steel  test  columns. 

Pittsburgh-Des  Moines  Steel  Co.,  Pittsburgh,  Pa.,  steel  test  columns. 

U.  S.  Cast  ton  Pipe&Poondry  Co.,  Burlington,  N.  J.,  cast-irdu  test  columns. 

I«ally  Column  Co.,  Cambridge,  Mass.,  steel-pipe  test  columns* 

National  Lumber  liifrs.  Assn.,  Chicago,  111.,  timber  test  columns. 

Southern  Pine  Assn.,  New  Orieans,  La.,  timber  test  columns. 

West  Coast  Lumbermen's  Assn.,  Seattle,  Wa&.,  timber  test  columns. 

Corrugated  Bar  Co.,  Buffalo,  N.  Y.,  leinforoing  steels 

Associated  Metal  Lath  Mfrs.  Chicago,  111.,  expanded  metal  lath. 

Zander-Reum  Co.,  Chicago,  111.,  woven-wire  lath. 

Chicago  Portland  Cement  Co.,  Chicago,  IU.»  Portland  cement. 

Bfarblehead  Lime  Co.,  Chicago,  111.,  lime. 

Pelee  Island  Sand  &  Oavel  Co.,  Cleveland,  Ohio,  sand. 

Phoenix  Sand  &  Gravel  Co,,  New  York,  N.  Y.,  sand. 

American  Sand  &  Gravel  Co.,  Chicago,  111.,  sand  and  gravel. 

Chicago  Gravel  Co.,  Chici^,  111.,  sand  and  gravel. 

Union  Sand  &  Material  Co.,  St.  Louis,  Mo.,  sand  and  gravel. 

Haverstraw  Crushed  Stone  Co.,  New  York,  N.  Y.,  crushed  stone. 

Ohio  Quarries  Co.,  Cleveland,  Ohio,  crushed  stone. 

Rockport  Granite  Coi,  Rockport,  Mass.,  crushed  stone. 

White  Fireproof  Oonstniction  Co.,  New  York,  N.  Y.,  hard  coal  dnders. 

Camp  Conduit  Co.,  Cleveland,  Ohio,  hollow  clay  tile. 

National  Pireproofing  Co.,  Pittsburgh,  Pa.,  hollow  clay  tile. 

Whitacre  Fireproofing  Co.,  Waynesburg,  Ohio,  hollow  clay  tile. 

Gypsum  Pirejuooflng  Co.,  Chioigo,  111.,  gypsum  block. 

Keystone  Fireproofing  Co.,  New  York,  N.  Y.|  gypsum  block. 

Bestwall  Manufacttuing  Co.,  Chicago,  111.,  gypsum  wall  board. 

The  participation  of  the  Associated  Factory  Mutual  Fire  In- 
surance Companies  was  under  the  direction  of  H.  O.  Lacount, 
assistant  secretary  and  engineer,  and  they  were  represented  on 
the  preUminary  conference  and  preparatory  work  by  C.  W. 
Mowry,  and  at  different  times  in  conducting  the  tests  and  pre- 
paring the  results  for  publication^  by  R.  £.  Manningi  W.  G. 
Lawrence,  and  R.  E.  Wilson. 

The  National  Board  of  Fire  Underwriters  participated  thiough 
Underwriters'  Laboratories,  the  work  being  under  the  direction 
of  W.  C.  Robinson,  vice  president,  assisted  by  F.  W.  Frederick, 
W.  G.  Howell,  and  F.  Taylor  in  designing  and  constructing  the 
testing  ftunace  and  related  equipment,  and  at  different  times  by 
G.  W.  Riddle  and  R.  K.  Porter  in  conducting  the  tests. 
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The  cooperation  of  this  Bureau  was  under  the  administrative 
direction  of  C.  W.  Waidner,  chief  of  the  division  of  heat  and  ther- 
mometry. S.  H.  Ingberg  and  H.  K.  Grifiin  were  actively  asso- 
ciated with  the  work  for  the  periods  1914  to  1920  and  191 7  to 
1920,  respectively,  the  former  being  in  direct  charge  of  the  experi- 
mental program. 

Technical  assistance  for  extended  periods  was  given  by  A.  J. 
Steiner  smd  R.  F.  Zeunnert. 

Mineralogical  analyses  of  concrete  aggregates  were  made  by 
R.  S.  Knappen  of  the  department  of  geology^  of  the  University 
of  Chicago. 

Acknowledgment  is  also  due  to  a  number  of  engineers,  con- 
tractors, architects,  and  public  officers  who  kindly  examined  a 
preliminary  draft  of  the  schedule  of  tests  which  was  submitted 
to  them.  Their  criticisms  and  suggestions  were  duly  considered 
in  formulating  the  final  program. 

n.  DESCRIPTION  OF  COLUMNS 
1.  STRUCTURAL  STSEL  COLUMNS 

(C)  DETAILS  OP  DBSIGlf 

In  Figs.  I  to  4  are  shown  details  of  all  structural  sections  em- 
ployed in  the  tests.  The  lower  12  feet  8  inches  constitute  the 
test  column  proper,  the  upper  enlarged  extension,  3  feet  in  length, 
serving  merely  as  a  means  for  transmitting  the  load  to  the  col- 
umn. This  head  is  protected  by  concrete  as  shown  in  Fig.  9, 
and,  being  above  the  ceiling  line,  is  not  directly  exposed  to  the 
heat  of  the  testing  chamber. 

The  bottom  base  angles  are  designed  to  develop  about  one- 
half  of  the  transverse  strength  of  the  coltunn  considered  as  a 
beam  at  ordinary  temperature,  and  during  the  test  are  embedded 
in  the  fireproofing  for  the  base  plates  of  the  testing  machine. 
The  top  anchorage  is  designed  to  develop  the  full  transverse 
strength  of  the  coltunn. 

The  test  columns  are  provided  with  brackets  near  the  top  to 
introduce  conditions  afltecting  the  application  of  the  protective 
coverings  similar  to  those  obtaining  in  building  construction. 

On  accoimt  of  the  prevailing  use  of  the  solid  rolled  and  built-up 
H  sections,  more  than  one-half  of  the  total  number  of  steel  *col- 
umns  used  in  the  tests  were  of  these  types. 
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Feo.  9.— I>fftfii:r   ef  iirucHiral-sUel  eotumns.    Plate   and  chatmil  and   laUiad 

channel  tecHatu 
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(6)BXASIN08 

The  column  bases  were  specified  to  be  finished  by  milling. 
While  this  had  been  done  in  almost  all  cases,  it  was  necessary  to 
improve  most  of  the  bearings  by  grinding,  in  order  not  to  induce 
uneven  stress  distribution  in  the  columns  when  loaded. 

(e)  RlVXnif G 

This  was  examined  by  striking  the  rivet  heads  with  a  hammer. 
Very  few  loose  rivets  were  found,  and  these  were  redriven  before 
testing. 

id)  ntmAL  STRAIGHTBSSS 

Before  being  covered  or  tested,  the  columns  were  examined  for 
straightness  by  measuring  from  points  on  the  column  as  placed 
in  vertical  position  to  a  fine  wire  stretched  from  base  angles  to 
bracket  The  columns  were  generally  straight  within  H  of  an 
inch  and  in  all  cases  within  -^  of  an  inch. 

(e)  PROPXRTIBS  OP  SBCTIOlfS 

The  area  of  one  or  more  sections  of  each  type  was  obtained  by 
calipering.  The  special  gages  used  are  shown  in  Fig.  5.  The 
large  gage  (a),  having  a  range  from  o  to  12  inches,  was  used  for 
outside  measiu-ements,  the  distance  between  the  point  of  tiie  pin 
and  the  point  of  the  dial  stem  at  zero  reading  being  obtained  by 
means  of  calibrated  end  measuring  rods.  The  inside  caliper  (b) 
has  a  range  from  3K  to  6K  inches,  the  length  between  its  points 
at  zero  reading  being  determined  by  measurement  in  the  outside 
gage.  Shape  and  area  of  fillets  and  comers  were  obtained  from 
plaster  impressions. 

A  comparison  of  nominal  or  handbook  areas  and  measined  areas 
is  given  in  Table  i ,  the  two  being  generally  in  agreement  within 
I  per  cent  and  in  all  cases  within  4  per  cent.  In  calculating  the 
loads  to  be  carried  dtiring  the  fire  test,  the  nominal  area  was  used 
for  all  columns,  the  main  dimensions  of  the  section  members  being 
measured  to  ascertain  their  nominal  size.  Hie  latter  was  found 
to  be  as  called  for  on  the  details,  except  in  the  case  of  two  plate- 
and-angle  and  two  plate-and-channel  columns,  where  the  plates 
were  ^  of  an  inch  heavier  than  required. 

Values  of  other  essential  properties  of  the  sections  are  given  in 
Table  3a  (p.  33)- 
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Fig.  5. — Calipers  for  measuring  steel  shapes 
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TABLE    1.— NOIONAL  AND  MBA8X7BBD   ABSAS  OF   STBTTOTUBAL 

S^BEL   SECTIONS 


Test 
No. 

SECTION 

SECTION  MEMBERS 

Nominal  Area, 
Sq.In. 

Measured  Area, 
Sq.  In. 

15 

Rolled  H 

SoUd  Roiled  H  34.51b 

8.00 

laoo 

10  17 

jai7 

13.00 

2.80 
0.07 

10.06 

30 

RoUedH 

Solid  RoHedH  84.5  lb 

iao5 

50 

Plate  and  Angle 

1  PlateUbyd^in 

4  Angles^  by  2^  by  H  in 

12.06 

51 

Plate  and  Angle 

1  PUteHby6in 

3.00 

laoo 

13.00 

2.03 
9LM 

4Angle8lby2«byHin 

12L86 

110 

Plate  and  Angle. 

4S^by*2Sbyiito:iiii 

3.00 

laoo 

18.00 

2.00 

lasi 

13.20 

39 

Plate  and  Channel 

Plate  and  Channel ... . 
Latticed  Channel 

2Plate8Aby8in 

4.50 
4. 78 

4.00 
4.78 

0.26 

a76 

7.78 

4.51 
4.73 

4.10 
4.57 

2Channeb6in.— 81b 

0.34 

107 

2  Plates  Ji  by  8  In 

3Chann£61n.-^lb 

8.76 

54 

2Channels9in.-13}ilb 

7.80 

41 

Z-bar  and  Plate 

1  Plate  )<  by  ^  in 

L44 
7.88 

— — 

9LS2 

1.4B 
7.85 

4  Z-bars  3  by  Hin 

9L81 

56 

Z-bar  and  Plate 

1  Plate  M  by  9£  in 

L44 
7.88 

g.32 

1.48 
7.50 

4  Z-bars  3  by  M  in 

0.07 

44 

I-beam  and 
flannel.  ....•.■•■.^« 

Il-beam7iny~151b 

4.43 
5.70 

10.12 

454 

5.71 

aChannel8  7in.-fl«lb 

ia2S 

58 

I-beam  and 
Channel 

1 1-be«m  7  ind^l5  lb 

4.42 
&70 

iai2 

4.50 
5  76 

3Channeis71n.~flMIb 

4An|^Sby3byHin 

10.85 

46 

8.44 

8.45 

2.  CAST-IRON  COLUMNS 
(a)  DETAILS  OP  DESIGN  AND  MANX7PACTDSS 

Structural  details  are  given  in  Fig.  6.  The  columns  shown  in 
(a)  and  (6)  were  made  by  a  Chicago  foundry  experienced  in  the 
making  of  building  castings.  They  were  cast  horizontally,  with 
continuotis  core  supported  by  chaplets,  and  single  gate  and  riser, 
the  gate  being  at  one  end  and  the  riser  at  the  other. 

Five  of  these  columns  were  tested  with  ends  restrained  by  bolt- 
ing to  base  plates  at  top  and  bottom  as  shown  in  (a),  and  two 
were  tested  with  ends  not  restrained,  as  shown  in  (6).  In  the  lat- 
ter case  the  bolts  at  the  bottom  were  omitted,  and  at  the  top  the 
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Flo.  6. — D€taiis  of  cast-iron  columns 
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column  was  cut  at  the  junction  with  the  head,  a  bearing  plate 
being  inserted  between  the  cut  surfaces.  A  U  bolt  and  strap  on 
each  side  served  to  hold  the  column  end  in  case  the  column  should 
break  at  failure. 

Three  columns  were  of  the  cast-iron-pipe  type  with  detached 
cap,  as  shown  in  if)  and  (d)  of  Fig.  6.  These  colunms  were  cast 
in  vertical  position.  In  testing,  substantially  the  same  bearing 
details  were  used  as  for  the  horizontally-cast  columns  that  were 
tested  with  ends  not  restrained. 

(»)  BSAIUNOS 

The  ends  of  the  columns  were  milled,  the  bearings  being  in  all 
cases  fairly  even  and  true.  All  bearing  surfaces  of  caps  and 
bearing  pktes  were  machined.  The  top  and  bottom  bearings 
were  protected  by  fireproofing,  the  same  as  for  the  structural- 
steel  columns,  the  length  exposed  to  the  fire  being.  12  feet. 

(0  rniTIAL  STRAIGBTirBSS 

The  amount  and  direction  of  initial  curvature  was  determined  in 
the  same  manner  as  for  the  structural-steel  columns.  Tte  col- 
tunns  that  were  cast  horizontally  were  straight  within  >^  of  an 
inch,  and  those  cast  on  end  were  straight  within  -^oiBXi  inch. 

(iO  VARIATIONS  IN  BCBTAL  THICKNBSS 

In  the  case  of  the  horizontally  cast  columns,  the  core  at  the 
midpoint  of  the  length  was  found  to  have  been  displaced  by 
amounts  varying  from  ^  to  %  oi  bxl  inch  for  the  individual 
columns.  The  minimtun  thickness  of  metal  was  yi  an  inch 
against  a  nominal  thickness  of  ><  of  an  iiK:h.  The  area  of  metal 
exceeded  the  nominal  area  by  amotmts  up  to  about  i  square  inch. 
The  exact  effective  area  was  difficult  to  determine  on  account  of 
the  roughness  of  the  interior  surface. 

For  the  vertically  cast  columns  the  thidbiess  varied  from  fi  to 
K  of  an  inch  against  a  nominal  thickness  of  H  of  an  inch,  the  area 
being  generally  about  K  square  inch  in  excess  of  the  nominal. 

3.  PIPB  COLUMIIS 
(a)  DSTAIL8  or  DB8ION  AMD  SCANUFACTUKB 

Two  concrete-filled  pipe  columns  were  tested,  one  made  with 
a  standard  7-inch  pipe,  and  the  other  with  a  standard  8-inch 
pipe  reinforced  in  the  fill  with  four  3K  by  3K  by  ^  inch 
angles  riveted  back  to  back.  Details  of  columns  and  bearings  are 
given  in  Fig.  7.    The  details  at  the  top  are  similar  to  those  of  the 
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cast-iron  columns  that  were  tested  with  unrestrained  ends  except 
that  a  short  strut  was  placed  between  the  top  of  the  cap  and  the 
upper  bearing  plate  to  obtain  conditions  more  nearly  representa- 
tive of  use  in  buildings. 

The  7-inch  pipe  column  was  filled  at  the  manufacturer's  plant 
especially  for  the  test  and  specimens  of  ccmcrete  and  concrete 
aggregates  were  secured.  The  concrete  mixture  was  i  part 
Portland  cement,  i  K  parts  Cambricjge  <Mass.)  bank  sand,  and  3 
parts  crushed  blue  trap  rock  quarried  at  Westfield,  Mass.  The 
reinforced-pipe  column  was  obtained  from  a  stock  of  completed 
columns,  and  specimens  of  the  concrete  aggregates  could  not  be 
obtained,  but  they  were  said  to  be  the  same  as  for  the  7-inch 

column. 

(b)  BBAimros 

The  bearings  were  square  and  imrestrained.  The  bearing  sur- 
faces of  the  caps  were  imfinished;  base  and  top  bearing  plates 
were  machined.  The  pipes  had  sawed  ends  that  were  fairly  even. 
The  concrete  on  the  bottom  bearing  of  the  7-inch  pipe  coltunn 
projected  about  ^  of  an  inch  below  the  pipe. 

4.  RBINFORCED  CONCRSTE  COLUMNS 
(a)  DSTAH^  OF  DBSIGlf 

The  tjrpes  tested  include  square  and  roimd  longitudinally 
reinforced  columns,  and  round  columns  with  lateral  reinforcement 
of  spiral  hooping  and  longitudinal  bar  reinforcement.  Details  are 
shown  in  Figs.  8  and  9.  The  spiral  reinforcement  constitutes 
in  volume  about  i  per  cent  of  the  contained  concrete.  The  size 
and  spacing  of  the  lateral  ties  in  the  longitudinally  reinforced 
columns  represent  ctxrrent  practice  with  respect  to  this  detail. 

The  concrete  was  of  i  :  2  : 4  mixture.  In  the  columns  for  the 
fire  tests,  Fox  River  (111.)  sand  with  Chicago  limestone  and  Long 
Island  (N.  Y.)  sand  with  New  York  trap  rock  were  the  two 
combinations  of  aggregates  used.  For  the  fire  and  water  tests 
each  column  was  cast  in  three  4-foot  sections  with  concrete  of 
different  aggregates  in  each  section. 

(b)  BSAimrGS  Axn>  bhd  rbstraist 

The  lower  ends  of  the  vertical  bars  were  groimd  true  and  abutted 
on  the  base  plate  on  which  the  column  was  cast,  the  upper  ends  of 
the  bars  terminating  K  ^^  ^ch  below  the  top  bearing  plate.  The 
head  was  cast  monolithic  with  the  test  column  proper,  and  was 
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suitably  reinforced  and  anchored  into  the  top  bearing  plate.  The 
latter  was  set  in  Portland  cement  mortar.  At  the  bottom,  the 
the  coltmm  was  tied  to  the  base  plate  with  four  >i-inch  bolts. 

5.  TIMBER  COLUMNS 
-  -    (a)  SPBCI^  OF  TXMBBR 

Tests  of  timber  columns  include  four  with  long-leaf  yellow  pine 
and  two  with  Douglas  fir,  these  two  species  being  chosen  on  accotmt 
of  wide  use  in  heavy  timber  construction.  Details  of  coltimns  and 
bearings  are  given  in  Fig.  lo. 

The  yellow-pine  columns  were  cut  from  timber  grown  in  Pike 
Coimty,  Miss.  The  Douglas-fir  columns  came  from  the  northern 
Douglas-fir  region  of  the  Pacific  coast. 

C^)  CAP  AlTD  BBAIUNO  DETAILS 

In  the  construction  shown  at  (a)  in  Fig.  lo,  the  load  is  trans- 
mitted to  the  column  through  a  cast-iron  pintle  and  cap.  The 
side  of  the  pintle  and  the  top  bearing  of  the  cap  are  covered  by 
timbers  and  flooring  that  frame  into  them  in  a  manner  similar  to 
that  used  in  standard  applications  of  mill  construction. 

In  the  construction  shown  at  (6)  the  load  is  transmitted  through 
a  timber  strut  and  steel-plate  cap,  this  method  of  column  and  beam 
support  tjrpif ying  another  form  of  standard  practice  with  regard 
to  these  details. 

The  bearings  were  finished  so  as  to  be  fairly  even  and  perpen- 
dicular to  the  axis  of  the  column. 

(e)  PROPBRTntS  OF  THB  TIMBER 

The  chief  chaiacteristics  of  the  timber  are  given  in  Table  2. 
The  columns  were  select  structural  material  with  few  knots  or 
other  defects.  They  were  stuiaced  on  the  sides  and  the  comers 
were  slightly  beveled.  A  nominal  section  of  11 H  by  nH  inches 
was  assumed  in  calculating  the  working  load. 

The  number  of  annual  rings  per  inch  and  the  percentage  of 
summer  wood  were  determined  on  a  representative  line  over  the 
third,  fourth,  and  fifth  inches  from  the  pith,  the  values  given 
being  the  average  for  the  two  end  faces.  The  resin  coiitent  was 
obtained  by  extracting  borings  from  representative  points  in  the 
section  with  benzole  and  drying  to  constant  weight  at  70®  C. 

The  moisture  content  and  dry  weight  were  determined  from 
disks  I  inch  thick  cut  2  feet  and  4  feet  from  the  end  of  a  timber  of 
the  same  size  as  the  test  columns  and  which  had  been  subjected  to 
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TABLE  2.— PBOFBBTXB8  OF  TDOBB  IK  TEST  OOLX71EK8 


Test 

Species 

Dimension 

of  Section, 

In. 

Nmnberof 
Rings 
per  In. 

wood, 
Peioent 

♦Rosin 
Content, 
Percent 

♦Moisture 
Content, 
Percent 

Welglttper 
Co.  Ft.  Pounds 

No. 

••As 

Tested 

♦Oven 
Dry 

78 
79 

Longleaf 
pine..... 

LoDgleaf 
pine 

Loncleaf 
pine 

pine 

Dongas 
fir 

Douglas 
fir 

llAbyllH 
UJibyllJi 
UHbyllA 
llHbyllH 
llNbyllH 
U^byllH 

14 
17 
U 
14 
0 
10 

85 

50 

7,07 
85 

85 

33        J 

1.34 
83        1 

17.1 
38.2 

41.8 

80 
81 
82 
83 

4L8 
40.7 
38.1 
38.0 

84.7 

aai 

♦Determined  from  representative  samples. 
••Determined  by  weighing  the  test  columns. 

the  same  storage  conditions.  These  were  dried  to  constant  weight 
at  ioo°  C,  the  percentage  moisture,  which  includes  besides  water 
other  substances  volatile  at  the  given  temperature,  being  based 
on  the  dry  weight. 

In  point  of  general  quality  of  material,  the  test  columns  con- 
formed with  the  requirements  of  published  specifications  for 
structural  timber.  The  dimensions  of  the  finished  section  were 
smaller  by  about  >^  of  an  inch  than  as  specified  by  some  regula- 
tions. 

m.  SCHEDULE  OF  TESTS 

1.  6BNBRAL  CONSII»SRATIONS 
(a)  OBJBCT  AUD  UBCTATIORS 

The  present  investigation,  in  point  of  method  of  testing  and 
t3T)es  of  protection  tested,  applies  particularly  to  the  interior 
columns  of  a  structure.  Due  to  greater  exposure  and  smaller 
amoimt  of  protection,  these  form,  in  general,  a  more  critical  ele- 
ment in  the  column  strength  of  a  building  as  affected  by  fire  than 
do  the  wall  columns. 

The  size  of  the  test  coltunns  in  the  present  series  is  representative 
of  those  present  in  buildings  of  moderate  height  and  of  those  tmder 
upper  floors  in  higher  buildings.  The  sizes  involved  were  deemed 
to  be  best  adapted  for  the  initial  investigation  of  the  many  vari- 
ables pertaining  to  the  fire  resistance  of  building  columns  as 
designed  and  protected  according  to  methods  of  modem  building 
practice.    Subsequent  investigation  of  columns  designed  for  the 
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heavier  loads  should  be  materially  simplified  by  results  of  tests 
with  coltmms  of  the  proportions  chosen  for  the  present  series. 

The  nimiber  of  variables  presented  by  the  variety  in  material 
and  form  of  columns,  material  and  amount  of  protection,  as  well  as 
the  different  methods  of  application,  is  greater  than  can  be  fully 
covered  by  a  single  series  of  tests,  considering  the  limitations  in 
time  and  expense  incident  with  such  an  effort.  It  was  necessary, 
therefore,  to  limit  the  investigation  to  the  main  forms  of  con- 
struction and  protection,  and  in  amotmt  of  protection,  to  the  min- 
imimi  and  maximum  as  generally  used. 

(6)  nUDUMHTARY  WORK  OH  SCHfiDULB 

This  consisted  of  (i)  investigation  of  existing  methods  of  colimm 
design  and  column  protection,  including  comparative  study  of  the 
requirements  of  mtmidpal  building  codes;  (2)  inquiry  into  field 
methods  of  erection  and  placing  of  columns  and  coverings;  (3) 
study  of  the  geographical  distribution  of  production  and  use  of 
materials  for  protective  coverings  of  each  type  as  an  aid  in  select- 
ing representative  materials  for  the  tests;  (4)  preparation  of  a 
preliminary  schedule  of  tests  which  was  submitted  to  engineers, 
contractors,  architects,  and  public  officers  for  criticisms  and  sug- 
gestions; (5)  consideration  of  criticisms  offered  and  formulation 
of  a  final  testing  program. 

In  amoimt  of  protection  for  interior  columns,  building  ordi- 
nances require  in  general  from  2  to  4  inch  thicknesses  of 
material  outside  of  load-carrying  elements,  the  requirements  for 
the  same  grade  of  construction  varying  bet\veen  these  limits,  as 
prescribed  by  different  city  codes.  As  it  was  considered  desirable 
to  determine  the  fire-resisting  value  of  constructions  in  general 
use,  it  was  decided  to  test  protections  of  2  and  4  inch  com- 
mercial thicknesses,  which,  in  connection  with  tests  of  unprotected 
and  partly  protected  columns,  as  also  of  plaster  on  metal-lath  pro- 
tections, were  deemed  to  include  the  general  range  of  protection 
occiUTing  in  current  building  construction. 

The  schedule^  as  finally  adopted  at  the  conference  of  represent- 
atives of  the  cooperating  imits  held  in  March,  191 6,  embodied 
many  suggestions  received  in  criticism  of  the  preliminary  schedule 
and  was  ccmsidered  by  all  concerned  to  be  the  best  procediure 
practicable,  considering  the  extent  of  the  field  and  the  nimiber  of 
tests  to  be  made« 
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2.  SCHEDULE  OF  FIRE  TESTS 
(a)  UITPHOTBCTSD  OOLXHOIS 

Details  of  design  of  structural-steel,  cast-iron,  and  pipe  columns 
are  shown  in  Kgs.  1,2,3, 4, 6,  and  7,  and  the  calculated  and  applied 
working  loads  pertaining  to  each  section  ai^  gfiVen  in  Table  41 . 

The  tmprotected  structural-steel  colunms,  which  comprise  one 
of  each  section  type,  are  scheduled  in  Table  3a,  together  with  the 
chief  properties  of  their  sections.  These  hold  for  the  lower  12  feet, 
8  inches  of  their  length. 

The  list  of  tmprotected  cast-iron  and  pipe  colunms  is  given  in 
Table  36.  Of  the  unprotected  cast-iron  cc^umns,  one  was  tested 
with  ends  restrained  and  three  with  unrestrained  ends.  Of  the 
latter,  one  column,  No.  11,  was  filled  with  concrete  to  increase  its 
fire  resistance.  They  were  all  horizontally  cast,  except  No.  joA, 
which  was  a  cast-iron  pipe  column. 

The  tests  with  pipe  columns  comprise  one  with  a  standard  7-inch 
pipe  having  plain  concrete  fill  and  one  with  an  8-inch  pipe  rein- 
forced in  the  fill  with  structural  angles. 

(6)  PARTLY  PROTSCTSD  OOLUMHS 

These  include  nine  structural  steel  columns  partly  protected  by 
filling  the  reentrant  portions  or  interior  with  concrete  and  are 
scheduled  in  Table  3c,  where  also  are  shown  the  detail  sections. 

The  proportions  of  the  concrete  mixtures  used  throughout  tliis 
investigation  are  based  on  voliune  parts  of  the  respective  mate- 
rials, Portland  cement,  sand,  and  coarse  aggregate,  taken  in  the 
given  order.  One  bag  of  Portland  cement  weighing  94  potmds 
net  was  taken  to  be  i  cubic  foot.  The  sand  and  coarse  aggregate 
were  measiu^d  by  volume  in  the  condition  of  density  incident  with 
shoveling  them  into  the  measures.  The  concrete  sands  as  used 
had  an  average  moisture  content  of  3  per  cent.  The  Portland 
cement  used  in  all  tests  of  the  whole  series,  except  in  those  with 
pipe  coltunns,  was  supplied  from  a  mill  in  the  Chicago  district. 

(c)  COLUMNS  PROTBCTBD  BT  PLABTBR  ON  KBTAL  LATH 

Details  of  protection  are  given  in  Table  3d.  The  metal  lath  in 
Nos.  23,  25,  and  26  was  No.  24  expanded  metal  wdghing  3.4 
poimds  per  square  yard  including  paint.  That  for  test  No.  24  was 
of  0.046-inch  diameter  wire,  woven  into  fg-inch  square  mesh  and 
wdghing,  painted,  3.2  poimds  per  square  yard.  The  ribbed, 
expanded-metal  lath  in  No.  27  had  ribs  ^  inch  high  spaced  33^ 
inches  apart,  the  weight  being  7.9  poimds  per  square  yard. 
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TABLB8a.-aCBIDmJB  OF  IIBK  TISTl 

Unprotected  Structural  Steel  Columni 
l-llleetife  Length,  12  ft.  8  in. 


33 


No. 

SECTION 

SECTION  MEMBERS 

Noml. 

r 

1 

BoOidH                         1         9 

SoBd  BolM  H.  8  ia.-TMH  lb.. 
2PlAt«.)<l>y8ia 

10.17 

U.OO 
•.7« 

7.78 

0.S2 
10.12 

8.44 

u.r 

2.01 

1.84 
8.86 
8.48 

1.84 
2.11 

8.78 
1.40 

78.8 

t 

FktotBdAivto               T   ek 

111.8 

1 

PkteaBdCluBBal 

•J 

2  ChiuiMrtir,  eln.— « lb, ,.. 

64.1 

2CbuMls.0iii^UKlb 

8iDgtokttiM.AbySV 

1  Plato.  ^  by  MCiB 

4 

LattioedChMMl 

44.0 

1 

lzSs5&^iiu...:.;::... 

81.7 

1 1-beanx,  7  in.— 16  lb 

% 

3Chaiuiela,7Ur-0Mlb....... 

{^a£?5^>*.!!::::::: 

72.1 

T 

Laftti0KlAi«to         1 

1 

40.T 

1 

8l«..dA>il.             |ili| 

^ 

108.8 

»ptou;.1<i&%  to... ::::::: 

LefJ 

2ai84*— 21- 
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TABLE  8b.-80HEDULE  OF  FIBI  TESTS 
Unprotected  Cast  Iron  and  Pipe  Columni 


TMt 

No. 


SECTION 


DETAILS 


Norn- 

Sq. 
In. 

Eflep. 

LeMt 
Radi. 
wof 

r.In. 

14.78 

158 

8.23 

14.78 

188 

8.88 

14.46 

180K 

8.88 

14.73 

188 

8.88 

Sted 

e.ss 

Coo- 

erete 
88.7 

14« 

8.84 

COD- 

erato 
40.1 

li8M 

s.ai 

Rooad  Cast  Iroo, 
HbrinntaUy  cMt 


10 


Eoond  Cast  Iron, 
HbriaontaUy  east 


Round  Cast  Iron, 
VertkaUy  oast 


CT* 


-7f- 


U 


18 


18 


Round  Cast  Iron, 
HoriBoiital|7oast, 
Cooorete  filW 


Steel  Pipe, 
Coaerete  filled 


ReinCoreed 
Steel  Pipa, 
Concrete 
filled 


Ends  zestrabed 


Bods  not  restrained 


Bods  not  restrained 


Ends  not  restrained 
Conereto,  1:2:4 
Portland  oei 
Jolietsand 
JoUet  gravel 


Eade  not  restrained 
CoMrate.  1:1HJ 
Portland  cewient 
Cambridn  sand 
Westfieldbhietrap 


Ends  not  reetrained 
4  andea  inside  phw, 

8Hin.8HiarHi]|. 
Cmrste  same  as  for  No.  12 


4-*c*cJ|| 


66.8 


66.8 


68.8 


66.8 


68.6 


66.8 
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TABU  le.-80HIDirLB  OF  FIBI  TB8T8 
CkihimiiB  Partly  Protected  by  Gonerete 


Tert 
No. 


SECTION 


14 
16 
16 
IT 

18 


RoUedH 
RoU«iH 


KW. 


Piste  wd 

PltttoUMi 


Z-bar  tad  Ftete 


SO 
tl 


I-lMam  ukd  Chamel 
I4)«uii  ukd  Chamel 


J 


PROTECTION 


Hixtors 


1:3:4 
1:2:4 
1J:4 

iaH:«H 

1:3:4 

14:5 

1J:5 
14:6 

1:3.^ 


HaUrial 


Portknd. 

Joli0tHUKl 

JofiotgrftTd 

Portland  eomcBt 
Plum  lalaad  mid 
Roekport  gramta 

Portland  oement 
Loot  Island  mid 
New  York  trap 

Portland  oemMit 
Lone  Island  laad 
Hani  ooal  dndfft 


Portland  c 

Long  Island  sand 
New  York  trap 


Portland  c 

Fox  BiTsr  sand 
Chicago  liiiisitnBa 


Portland  c. 

Loot  Island  sand 
New  York  trap 

Portland  eemsBt 
Loot  Island  sand 
New  York  tiap 


IV)rtlandc 

FosBiTsrsand 
Chicajo  Hrosstone 


NOTE:  ThehoriaoDtal  tics,  oonsistiiit  of  Hacfa  bars  or  No.  5  wire,  are  bent  aroond  or  wired  to  the 
▼cfticali-jiidi  bars,  tad  are  spaoed  18  inches  apart  vertically. 
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TABLE  8d.-4ICHEDULB  OF  FIRS  TS8T8 
Columns  Protected  by  Plaster  on  Metal  Lath 


No. 


SECTION 


Plate  wd  Angto 


Plate  ud  Channel 


Z-bar  and  Plate 


Latticed  Angle 


m 

; 

CK-— J 

T 


I 
i 


Hound  Ceetlrao 
Column  Section  name  as  No.  0 


•PROTECTION 


Two  2-coat  layers  of  Pbrtlaad  cemeat  i 

on  No.  24  expanded  metal  lath,  each  laarer 
1  in.  thiok.  with  a  K-in*  air  apace  betwaoi 
layers 


Two  S-coat  layers  of  Portland 
on  woven  wire  lath,  H-in*  meab, 
Ji  in.  thiok,  with  a  H-in.  air 
layers 


layer 


One  2-coat  laarer  of  Portland 
1  in.  thiok,  on  No.  24  eipaaded 


One  2-coat  layer  of  Portland 
IH  in.  thick,  OB  No.  24  expanded 


plaster, 
'Math 


plaster, 
Uth 


One  &«oat  layer  of  Portland  csmast  Blaster. 
IH  in.  thiok, on  high  ribbed expaadedmetal 
Istn  with  yi-in.  broken  air  space 


*The  plaster  consisted  of  1  part  Portland  cement.  1/10  pa^t  hydrated  lime,  2H  parts  coarse  lake 
Mnd.    Hair  was  osed  in  the  first  coat;  the  seoond  coat  was  trowelled  smooth. 
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The  proportion  of  the  plaster  was  i  part  Portland  cement,  ^ 
part  hydrated  lime,  and  2}4  parts  lake  sand  of  medimn  grade  of 
coarseness,  all  materials  being  measm-ed  by  loose  volimie.  The 
sand  had  an  average  moisture  content  of  3  per  cent. 

The  thickness  of  the  layers  was  measm-ed  from  the  inside  of  the 
lath.  For  Nos.  23,  24,  and  25  a  layer  thickness  of  i  inch  was 
desired  and  was  attained  in  Nos.  23  and  25.  In  No.  24  the  layer 
thickness  averaged  >^  of  an  inch.  In  No.  26  an  attempt  was  made 
to  place  a  2-inch  thick  layer,  but  this  proved  impracticable  with 
the  given  section  using  two  body  coats,  an  average  thickness  of 
i}/i  inches  being  finally  attained.  In  No.  27  an  eflFort  was  made  to 
make  a  solid  covering  by  pushing  the  plaster  through  the  lath 
against  the  outside  of  the  column.  This  succeeded  only  partly,  a 
broken  air  space  averaging  %  inch  in  depth  remaining  between 
the  covering  and  the  column. 

For  sdl  plaster  on  metal-lath  protections  the  extreme  edges  of 
the  bracket  angles  near  the  top  of  the  column  were  covered  by  a 
single  layer  i  inch  thick. 

The  coverings  were  finished  by  troweling  and  floating  the  second 
coat  to  a  smooth  surface. 

(</)  COLUMNS  PROTBCTBD  BT  COIICRBTB 

The  tests  with  concrete  protections  are  described  in  Table  3^. 

Six  combinations  of  fine  and  coarse  concrete  aggregates  as 
used  in  building  construction  in  four  large  industrial  centers  are 
included.  The  aggregate  combinations  and  districts  represented 
are  (i)  Rockport  granite  with  Plum  Island  sand  for  the  Boston 
(Mass.)  district;  (2)  Chicago  limestone  with  Fox  River  sand  and 
Joliet  gravel  with  Joliet  sand  for  the  Chicago  (111.)  district;  (3) 
Cleveland  sandstone  with  Pelee  Island  sand  for  the  Cleveland 
(Ohio)  district;  (4)  New  York  trap  rock  with  Long  Island  sand 
and  hard-coal  cinders  with  Long  Island  sand  for  the  New  York 
(N.  Y.)  district.  The  districts  were  chosen  so  as  to  obtain  repre- 
sentation for  the  main  groups  of  rocks  that  are  used  as  concrete 
aggregate.  The  aggregates  are  further  described  in  paragraph  6 
of  Section  V  (p.  61). 

The  proportions  of  the  mixtures  used  were  1:2:4  and  1:3:5 
for  the  stone  and  gravel  concrete,  and  for  the  cinder  concrete, 
I  :  iX  •  4M  a^d  1:2:5.  The  cinders  were  used  miscreened  as 
received,  except  that  pieces  larger  than  i  inch  were  crushed  to 
smaller  size. 
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TABLE  8e.— SCHEDULE  OF  FIRE  TESTS 
Ck)luiim8  Protected  by  Gonerete 


Test 
No. 


S8A 


80 
81 
82 


aiA 


SECTION 


RoUedH 


RoIledH 


-12^ 


RoIledH 
RoUwiH 
RoUedH 
RoUedH 


Z>baraDd  Plata 


r^ 

^^y-b- 

^ 

(^ 

^ 

Tt 

£jj5 

^ 

»^-^ 

=^ 

-/5i- 

— J 

r 


RoUedH 


IfT 


RoIledH 


oMof 


ft  •   .     '     o 


-16- 


PROTECnON 


Thickness, 
In. 


Mixture 


1:2:4 


1:2:4 


1:2:4 


1:2:4 


1:2:4 


1:2:5 


1:2:8 


1:2:4 


1:2:4 


Material 


Portlano  cemeot 
Fox  Rirer  saad 
Cluoaco  limestoae 


Portland  oemeot 
Fox  River  sand 
Chicago  limestone 


Portland  eemsnt 
Long  Island  sand 
N«w  York  trap 


Portland  . 
JoUetsand 
JoUet  gravel 


Portland  c 

Pelee  Island  nnd 
Cleveland  sandstone 

Portland  cement 
liong  Island  sand 
Hard  ooal  dnders 


Portland  oement 
Long  Island  sand 
Hard  ooal  cinders 


Portland  c 

Fox  River  sand 
Chicago  limestone 


Portland  c 

Fox  River  sand 
Chioago  Umsstone 


NOTS:   Ties  when  used  are  o(  No.  ft,  B.*  8.  fHfs,  steel  wire.  woawiwiisUy  OS  »  pitch  of  •  la. 
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TABUB  8e.-80HimJLI  OF  VIBl  TUTS 
Onlninm  Protoettd  by  Oonoritd— Gontbniid 
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No. 


SECTION 


PROTECTION 


la. 


Mizton 


Material 


84 

S4A 

85 


Plate  aad  Aagle 


icar--^ 


« 


PteUMdADfle 


F1a«e  nd  Cbaanel 


. '    J  ■     ^j 


1:2:4 


11:4 


1:3:8 


1J:4 


1:3:4 


1:3:4 


1:3:4 


Portland  oemait 
Plum  lalaad  aaad 
Rockport  graaite 

Portland  oemeat 
Plnm  Island  aa&d 
Boekport  granite 


Portland 

FosRirer 

Cfaioaco 


Portland  eeoMBt 
Long  lalaad  land 
New  York  trap 


Portland  cenwnt 
Long  Island  Band 
New  York  trap 


Portland  OHBent 

Joiietinad 

Jolietgravd 


Portland  oenunt 
ItaameoBiveri 
Meramec  River 


MOTB:   Vnieti«araof  No.8,B.*8.  cage,etailwii«,«MiidiptnI]ronapltehof8il. 
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TABU  8e.— BOHEDirU  OF  VIBl  TI8TS 
CnlnmBa  Proteetad  by  Goneratd— Coneluded 


TMt 
No. 


PROTECTION 


SECTION 


ThiokMM, 
la. 


Miztare 


Haterid 


40 


41 


42 


43 


44 


47 


Latticed 
Channel 


1 


Z>bar  and        * 
Plate 


I-beam  and 

Channel 


I-beam  and 

Channel 


Starred  Angle 


Latticed  Angle 


Soond  Cast  Iron 


S-ia. 
onteide 
rivets. 

SHrln. 
outside 


1:2:4 


VJ&'A 


IA:6 


1:2:4 


1:3:5 


1:2:4 


1:2:4 


1:2:5 


Portland  cement 
iratg^  Isbadsaad 
New  York  trap 


Portland  cement 
Fox  River  sand. 
Chicago  limestone 

Portland  cement 
Fox  River  ^and 
Chicago  limestooe 


Portland  cement 
Pelee  Island  sand 
Cleveland  sandstoM 

Portland  oement 
Pelee  Island  sand 
Cleveland  I 


Portland 
Merameo  River 
Merameo  River 


Long  Isbad  sand 
New  York  tnv 


Pbrtkad  cement 

Longlslandi 

Haxdooalc' 


NOTE:    Wiretieewheranndareo(No.6.B.ftB.gBc«.iteelwirewoawiMnnyos»pitelio(8iB. 
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Ties  consisting  of  No.  5  (B.  and  S.  gage)  bright  basic  steel  wire 
were  wound  spirally  around  the  structural  section  on  a  vertical 
pitch  of  8  inches.  The  tie  was  omitted  in  Test  No.  28A  and  33A 
in  order  to  determine  what  effect,  if  any,  it  has  on  the  effectiveness 
of  the  covering.  In  No.  46  it  was  omitted  because  the  latticed 
section  was  deemed  to  afford  sufficient  support  for  the  outside 
covering.  In  No.  47  an  attempt  was  made  to  place  the  covering 
with  the  tie  wire  supported  on  i-inch  T  bars.  This  proved 
impracticable  on  account  of  the  obstruction  it  made  to  the  flow 
of  the  concrete,  this  covering  being,  therefore,  placed  without  tie. 

For  the  square  coverings  the  thickness  was  measiured,  respec- 
tively, from  the  face  of  the  flange  and  from  its  extreme  edge. 
For  the  rotmd  protections,  test  Nos.  37  and  40,  the  thickness  of 
covering  on  the  face  of  the  flange  was  greater  than  the  given 
nominal  thickness  and  that  on  the  flange  edge  smaller  than  the 
given  thickness,  each  by  about  H  of  an  inch. 

For  the  concrete,  as  well  as  all  other  full  protections,  the  thick- 
ness of  covering  on  the  extreme  edges  of  the  bracket  angles  near 
the  top  of  the  column  was  i  inch. 

(0  COLTJMirS  PROTSCTBD  BT  HOLLOW  CLAT  TILB 

The  tests  with  hollow  clay-tile  protections  are  given  in  Table  3/. 

Five  kinds  of  tile  from  as  many  producing  regions  were  used 
for  the  coverings.  These  include  two  varieties  of  surface-clay 
tile,  one  of  shale,  and  two  of  semifire  clay.  They  are  further 
described  in  paragraph  11  of  Section  V  (p.  73). 

The  tile  was  set  in  mortar  consisting  of  i  part,  by  loose  volume, 
of  Portland  cement,  i  part  of  lime  putty,  and  4  parts  of  fine  beach 
or  bank  sand.  The  sand  had  an  average  moisttu-e  content  of  4 
per  cent.  The  thickness  of  mortar  between  the  tile  and  the 
flanges  of  the  test  columns  varied  between  the  different  protec- 
tions from  yitoiyi  inches.  The  thickness  of  horizontal  joints 
between  the  tile  cotu-ses  averaged  f^  of  an  inch  where  no  wire 
mesh  was  used  and  f^  of  an  inch  where  used.  The  vertical 
mortar  joints  varied  in  thickness  from  X  to  |<(  of  an  inch,  depend- 
ing on  tiie  design  of  the  covering. 

The  upper  tile  coturses  were  set  out  sufficiently  to  allow  the 
extreme  edges  of  the  bracket  angles  to  be  covered  by  a  i-inch 
thickness  of  tile  and  mortar. 

Two  forms  of  mechanical  ties  for  the  tile  were  used.  One 
consisted  of  a  No.  12  (B.  and  S.  gage)  iron  wire,  tied  around  the 
outside  of  each  course,  and  the  other  of  strips  of  fi-inch  wire 
mesh  (diameter  of  wire,  0.046  inch)  laid  in  the  horizontal  joints 
and  lapped  at  the  comers. 
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TABLE  8f  .-8GHEDUUB  Or  Fiai  TUTS 
Columns  Proteeted  bf  Hollow  Clay  Tfle 


No. 


80 
flO-A 

U 
U-A 


SECTION 


RoDedH 


RoIbdH 


PUteandAngla 
Plate  and  Aq|]» 


Pkitoand 

Angle 


Plate  and 
Angle 


Plate  and  ChaaiMl 


Plate  aad 


tf 


TUck- 
TuTln. 


Kind  of  Tile  and  Method 
of  Applieatkm 


Semi-fire  olay.  New  JetMy 
dijBtiiot 

-in   mortar  on  flaagas 
idewiretifli 


Semi-fire  day.  New  Jersey 

dirtrict 
9i-in>  mortar  on  flanges 


Snrieee  elay,  Boston 

district 
H^  mor^r  oa  flanges 


Same  as  No.  <0 


Surlsee  olay,  Boston 

district 
IH-in  mortar  00 
Outside  wire  ties 


Same  as  No.  11 


Ohio  shale 
-ia.  mortar  on 
itside  wire  ties 


Ouu 


Ohio  shale 
l-in.  mortar  oa 
Outside  wire  ti< 


Filling 


No  filling 


No  filling 


1:3:5  ooaerete 
Portland  cemsot' 
Plum  Island  send 
Rockport  granite 

Same  as  No.  M 


.13:5: 1 

Portland  cement 
Plum  Island  sand 
Rockport  granite 


Same  as  No.  51 


1:2U{  eonerete 
Portkad  eemsat 


Long 
Hud 


eoal  dndsffs 


1:2U(:  eoaerete 
Fbrttaad  osmeat 


Hard 


eoal  eiadsffs 
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TABUS  8t-8CHSDULI  07  TIBl  TB8T8 
OoIqiuqb  Protected  by  Bolknr  Clay  Tile— OontiitiMd 


Twft 

No. 


SECTION 


Thiek. 
nettof 
Ti]«.Ia. 


KindofTUe  and  Method 
ofAppIioBtioa 


FUliiic 


51 


Lattieed 
ChaoMl 


m 


Z-btfand 
PlaU 


C=2C=Dt=2l 


I 


-I6f- 


D^HL 


I 


Z4Mr«id 
Plato 


6i 


I'bwiin  and 
ChaiiBal 


I-baamand 
Chaaatl 


I-baamand 
ChaiiBal 


Ohio  sami-fire  day 
Outaidawiretiaa 


Ohio  aami-fire  day 
Ontaidewiretiaa 


Ohio  Bemi-fire  day 
ffiiLwiiemflahinbori- 
lontal  joiiiU 


Bor(aoa  day,  Chioaco 

distriflt 
Outaido  win  tiaa 


Two 
^ill. 


Two 
2-ia. 


Surfaoe  day,  Chicago 

diatrict 

l-ia..  mortar  od  flaacaa 

ria.  wiremcahia  hori- 

aotttalioiBta 


m 


Sorfaae  day*  ChiflaBo 
diitriet 

|«iB.  mortat  on  flascaa 
itdde  wire  ties 


%ti 


13:5  c 

Portland  eemaat 
LoQg  Island  sand 
New  York  trap 


14:5:  oonerete. 
Portland  oensBt 
Fox  River  aand 
Chioaco  limsstoBe 


1:3:6:  ooBcrate, 
Portland  oensnt 
Fox  River  sand 
ChieafoIimestoBt 


13:5: 

Portiand  csmsBt 
Fox  River  aand 
Chioaso  limestone 


Hollow  day  tfle, 
2  by  12  by  0  in.  al 

at  eada 
8  by.  12  by  0  in.  al 


I  by  121 
atdea 


HoOow  day  tSe, 
2by  UbyOin.at 

ends 
8  bv  12  by  0  in.  at 

sidfls 
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TABLE  3f .— 8CH1DULI  OF  FIBl  TMT8 
Gohunns  Proteeted  by  HoUow  Clay  Tile— Ckmetaided 


Test 
No. 


60 


61 


63 


70 


SECTION 


Lftttioed    ,,r 
Ancto     il4 


Latticed 
Angle 


Thiek. 
neeeol 

1116.10. 


Kind  of  Tile  and  Method 
of  ApplicatioD 


Ohio  eemi-fire  day 

^•in.  mortar  between  fill 

and  tile 
Outside  wiratiea 


Ohio  eemi-fiie  day 
Outdde  wire  ties 


Porous  semi-fire  day, 
New  Jersey  district 
■in.  mortar 
itside  wire  ties 


OVL\ 


Sams  as  No.  62 


Ohio  shals:  ObSo  semi-fire 
day;  ssmi-firs  day.  New 
Jersey  district 

^-in.  mortar  on  flanges 

^4n.  wire  mesh  in  hori- 
Bontal  joints 

Tile  covered  with  a  2-coatv 
in.  layer  of  1:8  gs^psum 


Semi-fire  olur,  NcwJersey; 

surbcd    ouy, 

BorfSaoe  day, 

trict 
IH-in.  mortar  on 
H-in.  wirs  mesh  In 

sontal  joints 
Tile  covered  with  a  2-coatv 

H-in.  laarer  of  1*2H  lime 

plaster 


Filling 


1 :2:4:  ooBerete 
Portland  cement 
Long  Island  sand 
New  York  trap 
FQl  placed  beiora 
tile  was  sot 


No 


NofiUiDC 
NofiDiiv 

L;8:6: 


Fox  River  sand 
ChiecfloliinsBtoiie 


l^:8:5,c 
Pcrtuuid  cemsst 
Fox  River  sand 
Chicago  limsslQM 


NOTE:   The  mortar  used  in  setting  the  tale  eonsisted  of  1  part  Portlaadcsaisni,l  part  lime  pitty 
SBd  4  paru  fiDS  beach  or  bank  sand. 
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The  filling  inside  of  the  tile,  where  used,  consisted  of  concrete 
or  hollow  clay  tile.  The  concrete  was  placed  after  the  tile  was 
set,  €x<»pt  in  case  of  No.  60,  where  the  fill  was  placed  and  allowed 
to  harden  before  setting  the  tile. 

All  protections  were  tested  in  the  unplastered  condition  except 
those  of  Nos.  76  and  77.  The  former  was  plastered  with  a  two- 
coat  layer  of  gypsum  plaster  K  inch  thick.  The  first  coat  of 
about  f^  inch  thickness  consisted  of  i  volume  part  neat,  fibered, 
calcined  gypsimi  and  3  parts  fine  lake  sand,  and  the  finish  coat,  i 
volume  part  neat,  imfibered,  calcined  gypsum  and  2  parts  hydrated 
lime.  No.  77  was  plastered  with  lime  plaster  fi  of  an  inch  in 
thickness,  the  first  coat  consisting  of  r  volume  part  slaked-lime 
putty  and  2}i  parts  of  fine  lake  sand,  the  finish  coat  being  the 
same  as  for  No.  76. 

(/)  COLTJMirS  PROTBCTRD  BY  GYPSUM  BLOCK 

The  tests  with  gypsum  block  protections  scheduled  in  Table 
39  consist  of  two  with  2-inch  and  three  with  4-inch  solid  block. 
The  material  was  supplied  from  two  factories,  one  located  in  the 
middle-western  section  of  the  coimtry  and  the  other  in  the  eastern 
section.  The  proportion  of  the  mortar  used  for  setting  the  block 
was  I  part,  by  volume,  of  neat,  imfibered,  calcined  gypsum,  and  3 
parts,  by  volume,  of  fine  lake  sand.  The  latter  as  used  had  a 
moisture  content  of  about  3  per  cent. 

In  Nos.  64  and  65  the  blocks  were  tied  with  No.  22  corrugated, 
galvanized-iron  strips,  ^  of  an  inch  wide  by  6  inches  long,  placed 
in  the  horizontal  joints  and  across  all  vertical  joints,  one  over  each 
joint  in  the  2-inch  coverings  and  two  over  each  joint  in  the  4-inch 
covering.  In  Nos.  66,  67,  and  67A  strips  of  woven  wire  (0.046- 
inch  wire  diameter)  of  ^-inch  mesh  were  laid  in  the  horizontal 
joints  over  all  vertical  joints.  The  size  of  the  strips  for  the 
2-inch  protection  was  2  by  14^^  inches  and  for  the  4-inch  protec- 
tions, 3K  by  16K  inches,  the  strips  being  laid  so  the  outer  edges 
were  K  inch  from  the  surface  of  the  covering.  The  thickness  of 
horizontal  joints  averaged  }i  inch  between  the  2-inch  blocks,  and 
}i  inch  between  the  4-inch  blocks.  The  vertical  joints  were 
about  fi  of  an  inch  thick. 

The  space  between  the  blocks  and  coltunn  flanges  was  filled 
with  mortar  as  the  blocks  were  set.  The  remaining  space  inside 
of  the  blocks  was  filled  with  gypsum  block  set  in  mortar  in  the 
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TABLE  8g.-8CHSDULI  Or  FIBB  TB8T8 
Colunmi  PioteetedbF  GnM^un  Bloek 


Tfltt 
No. 


SECTION 


RoUwlH 


--///- 


Plato  and 

ChamNl 


-/2f- 


I 


Thick- 

Sock, 
la. 


BolMH 


e7.A    BolMH 


Kjndof 
Maibodof 


and 
ttaoo 


Weatan   gninun  (aolid) 
K-in-  mortar  on  flaacea 
Coniwatod   f«aUU(Ba  fo 
honaontid  iointa 


Weatara    Kypaam(tolid) 


1-in.  mortar  on  flaafta 
CorropKiMl   waUte 
borinatalioiBU 


(aolid) 

H-in.  mortar  on  httioa 
H-in.  wire  maah  in  boriaoo- 


Eaatan  cypMm  (■olid) 
H-v^'  mortar  od  flaagaa 
H-ia.  wire  maah  Sn  horiaoa- 
taljoiato 


•a  No.  67 


FaUac 


HoOowWMtara 


Solid  Weam 
gypaam  bloek 


14:4, 
Gkldaad 
Fiaalaka 
Brokaa 


ojfliaad 
line  lake' 
Brokaa 
bloek 


a8No.67 


NOTE:    The  cfpsum  bloeka  were  aat  ia  mortar  onntitting  of  1  part  by  Tolame  of  aaal  oafibend 
ealeiaed  lypaum  and  3  parte  fine  lake  nad. 
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case  of  Nos.  64  and  65.  For  the  other  gypsum  protections  the 
filling  material  consisted  of  i  part,  by  volume,  of  neat,  imfibered, 
calcined  gypsum,  i  part  fine  lake  sand,  and  4  parts  gypsum 
block  broken  to  maximtun  size  of  2  inches,  the  whole  being 
mixed  to  wet  consistency. 

The  methods  of  tying  the  blocks  and  filling  T#thin  them  conform 
with  the  recommendations  of  the  manufacturers  by  whom  they 
were  supplied. 

(g)  COLTJMirS  PROTBCTRD  BT  BBICK 

The  two  tests  with  brick  protection  are  described  in  Table  3A. 

The  proportion  of  the  mortar  was  the  same  as  that  used  for 
the  clay-tile  protections.  In  placing  the  brick  no  metal  ties 
were  used,  the  brick  being  in  each  case  set  so  as  to  obtain  the  best 
bond  possible  with  the  given  design  of  covering.  The  thickness 
of  the  horizontal  joints  averaged  K  inch  and  that  of  the  vertical 
joints  varied  from  X  to  iX  inches. 


TABU  ttL-SCHBDUU  07  TIBl  TB8TS 
Gohnniii  Protaetod  by  Brlek 


1^ 

No. 


SECTION 


Thidc. 

Bride, 
In. 


EiadofBfkk 


tH 


Cbioi 


)  comnioii  brick  Mt 


toaopeo 

onedg»aiuitBa 
H-ia.  mortar  ob  flaafv 


CUei|oc 
bnoB 


m 


CUotcoc 
laid  flat 
H-iB«  mortar  0 


OuMaco  c 
MdT 


MOTB:   Tbt  mortar  ooubtad  of  1  part  PortlaBdc 


.  1  part  lima  potty  and  4  parti  baak  I 
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Oi)  RSnVFORCED-CONCRBTB  COLUMNS 

These  are  scheduled  in  Table  31  and  details  of  design  are  given 
in  Figs.  8  and  9  (p.  26-27). 

A  thickness  of  2  inches  of  the  concrete  next  to  the  surface 
of  the  column  is  taken  as  a  protective  covering  for  the  concrete 
and  steel  within  itcmd  is  not  included  in  the  given  ejffective  areas. 

TABLE  SL^SCHEDUUB  OF  FIBK  TB8T8 

Bainf oreed  Conervto  Colunma 

Efleetife  Length,  12  ft.  8  in. 


T«et 
No. 


70 


71 


72 


73 


74 


75 


SECTION 


at— jQt^-^a; 


Vertioiaiy 


Sqoare 
Vertically 
Reinforoed 


Rouod 
Vertksally 
Reinforoed 


Round 
Vertically 
Reinforoed 


l?Y — /3* (f 


Hooped 
Reintoroed 


Hoofwd 
Reinforoed 


■/7- 


Hix 


1:3:4 


l;2:4 


1:3:4 


l:3.-4 


1:2:4 


1:2:4 


Pbrtland  _  _ 
FosRiTerMuid 
CMoBgo  fimeetoae 


PbrU«id__ 
N«w  York 


Pbrtlnad  oement 
Fox  River  sand 
Chieaco  limestone 

Portland  cement 
Long  Island  aand 
New  York  trap 


Portland  eement 
Fox  River  sand 
Chioagol 


Portland  cement 
Long  Island  B8»d 
New  York  tnv 


"Effective 
Area,  Sq.  In. 


Cooerete.  140 
Steel.  4.00 


Same  as 
No.  70 


Cooerete.  127 
Steel,  0.00 


Same  as 
No.  72 


ConoK«ta.UO 
Steel.  8.88 


Saqieaa 
No.  74 


Pareent  of 
Effective  Area 


Vertical.  2.78 
Ut«Bl.0.14 


No.  70 


V0rtieal,4.U 
Lat«na.0.lT 


No.  72 


Vertical,  2.M 
Lateral.  0.00 


No.  74 


•A  depth  of  2  in,  all  •roond  deducted  from  the  gross  seotioB  ler'fiwpfolwtto^ 
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<0  TlMmCH  COLUMNS 

The  schedule  of  timber  colunms  is  given  in  Table  37  and  details 
of  columns  and  bearings  are  shown  in  Fig.  10.  The  tests  include 
two  species  of  timber,  each  tested  with  two  types  of  bearing 
details. 

No.  78  was  protected  by  a  single  layer  of  plaster  on  metal 
lath,  the  details  of  application  being  the  same  as  for  the  protect 
tions  listed  in  Table  ^d.  No.  80  was  covered  with  gypsum  wall 
board  H  iiich  thick,  nailed  to  the  timber  at  the  comers  with 
No.  4  lathing  nails  on  2 -inch  centers,  and  finished  with  kalsomine. 
The  other  timber  columns  were  tested  unprotected. 

T43UJI  SJ.-8CSIDULI  07  IIBB  TI8T8 

TLubtr  CMumiis 

Maettfv  Lmgth,  12  ft*  Si  in. 


201S4*— 31- 
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3.  SCHEDULB  OF  FIRS  AUD  WATER  TESTS 

This  series  was  introduced  in  order  to  determine  the  effect  on 
coverings  and  columns  of  the  impact  and  sudden  cooling  produced 
by  hose  strea3Qis  applied  to  them  when  in  a  highly  heated  condition. 

In  order  to  introduce  all  of  the  materials  used  in  the  fire*test 
series  with  a  mfnimuTn  number  of  tests,  two  or  three  kinds  of 
material  of  a  given  class  were  applied  in  jeach  test.       - 

(a)  COLUMNS  PROTECTED  BY  CONCRETE 

The  fire  and  water  tests  with  concrete  protections  are  scheduled 
in  Table  4a.  Three  kinds  of  concrete  were  applied  tp  each  ^qlumii. 
In  this  and  succeeding  tables  the  concrete  is  distinguished  by  the 
name  of  the  coarse  ag^gat^,  the  sand  used  wi€h  each  being  the 
same  as  in  the  combinationa  given  aboVe  in  paragraph  2d  (p.37). 

The  metal  tie  in  the  coverit^  is  the  sameas  for  the  corresponding 
{HToteeticms  in  the  fire-test  series.     In  No.  102  the  tie  isomitted. 

ib)  COLUMNS  PROTECTED  BT  HOLLOW  CLAIT  TOE 

'^These  coverings  are  also  placed  in  three  sections  (Table  4b)  with 
one  of  the  varieties  of  tile  used  in  the  protections  of  the  fire-test 
series  in  each  section.  The  proportions  of  the  mortar  and  size 
of  metal  ties  are  the  same  as  for  the  corresponding  protections  of 
the  fire-test  series. 

(c)  COLUMNS  PROTECTED  BT  OTPSUM  BLOCK 

The  two  kinds  of  g3rpsum  with  the  method  of  application  pecu- 
liar to  each,  described  in  paragraph  2/  of  this  section  are  eni- 
ptoyed  in  the  two  tests  (Table  4c).  The  fiJKng  for  both  consists 
of  a  1 :  1 : 4  mixture  by  volume  parts  of  calcined  gypsum,  fine  lake 
sand,  and  broken  g3rpsum  block,  mixed  to  wet  consistency. 

(lO  PLASTER  ON  METAL-LATH  PROTECTION 

The  protection  of  this  type  included  in  the  fire  and  water  series 
is  described  in  Table  4^.  The  metal  lath,  proportion  of  the  plaster, 
and  method  of  application  are  the  same  as  for  the  corresponding 
protections  of  the  fire-test  series. 

(<)  REINFORCED-OOirCRSTS  COLUICNS 

One  column  of  each  type  is  included  in  this  series.  Details  of 
concxete  and  reinforcement  are  given  iil  Table  40. 

(/)  UNPROTECTED  CAST4RON  COLUlCNS 

Two  duplicate  columns  are  listed  in  Table  4/.  They  atd  verti- 
cally cast  and  have  bearing  details  as  shown  in  Fig.  6  (c)  (p.  22). 
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MBUte. 


OF 


WAnanm 


Test 
No. 


SECTION 


PROTECTION 


ThIekiMM, 
In. 


MSxtore 


*KIiid  of  CoMrata 


101 


BoUedH 


^M 


m 


RdledH 


108 


nAUand 
'Aogle 


"i; 


^.  ^ 


-1^- 


i4i 


IM 


Phf  »iid*inU 


►••X  •', 


»::=g=r»- 


1 


1:2:4 


N«w  York  trap 
Jolittfravd 


1:2:4 


New  York  tnip 
JoHetfrftTel 
CUotco  limMlQM 


1:2:4 


Nvir  Vork  imp 
Woit  TilMlincI  tranl 


1:2:5 
1:2:4 
1:2:4 


OrakadM&dsl 
N««r  York  trap 


*TbrM  UBdi  of  eoBotU  wore  and  00  mt 
■used,  from  top  to  bottom  of  ooInmB. 

NOTBi   Tteiwb«o«MAaroofNaS,B.4p&fi«i, 


ii  three  rmiktJkntltlom  fa  th>  oxkr 
itim,  wovd  epiially  ob  a  piteh  of  S  fa. 
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TAB&X  4b.-4K»EDIILI  OV  7BKS  IVD  WARK 
Cohnimi  Frotictod  by  lluilwr  Qiy  Tile 


Test 


lOS 


106 


107 


SECTION 


Thick. 

BeMOf 

Ti]«.Iji. 


Plftteud 


ijmu^i^ 


Pluto  and 


•Kind  of  Tile  and  Hsthod  of 


SarfftM  day.  Boatxjo  diitrict; 

■ami-fire  clay.  N.  J.  district; 

Ohioafaale 
H4n.  mortar  on 
Ovtdda  wire  ties 


Ohio  semi-fira  day:  soriMS 
day.  Chicafo  distikt;  Ohio 
semi'firaday 

Wn.  mortar  on  flanges 


K4b.  wire  mesh  in  ^ 
Joints  in  lower  haU 


patdde  wire  tiea  on  lyper  half 
ooriioaftal 
If 

Ohio  shale:  Bsmi-Aie  ehy,  N.  J. 

district:  ssrfaee  dayt  Boston 

dtstriet 
1-in.  mortar  on 


Ovtside  wire  ties  on  impsr  half 
H-v^'  wire  nesh  In  boriMntal 
Joints  in  lower  half 


Fmii« 


Nofimnc 


1.3*c 

Portlaad  csmsnt 
Long  Island  saad 
Chicago  limestoBS 


No 


•Thiee  kinds  of  tile  were  ossdooiaehi 
from  top  to  bottom  of  oohuan. 


•  plaesd  in  tlirse  tvtleal  ssetioos  in  the  order  oamad 


TABLE  4C-8GHEDULI  OV  FIBK  AND  WATER  TESTS 
Colunmi  ProtMted  by  Oypiiim  BUMk 


itet 

No. 


101 


100 


SECTION 


BoOedH 


'.ft 


13! 


RoIlMi 

H 


J 


Thick. 

Sock. 
In. 


•Kind  of  0: 


f  Gypssmand 
of  Application 


aadHsthod 


yfmtmn 


(sol 


):East. 


<^ 

M-in.  mortar  on  flanges 
Oorragated  wall  ties  in  horl- 

aoBtal  Joints  in  oppsr  half 
ffia.  wiie  mesh  in  horisontal 

Joints  in  kmer  half 


(ao8d); 

smgypsom  (solid) 
li<4n.  mortar  on  fla^ 
li|-in.  wire  mesh  in ^ 

Joints  in  oppsr  half.   Corm- 

pated  walTSss  in  horisontal 

jSats  in  kmer  half 


Filling 


1:1:4 

CaldMdgyiMim 
Fine  Uks  sand 
Broksn    gypson 


1:1:4 


Fine  lake  saad 
Broken    gypsom 
bkMk 


•Two  kinds  of  bk)ck 
I  top  to  bottom. 


were  used  on  saeh  cdaBBn.  plaeed  in  two  Tertiflal  i 


ilathaonkr 
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TABU  «d.-80IHIDUUI  OF  HU  AHD  WATKK  IMW 
(Muinn  Pmtavttd  br  PlMtor  OB  MvlAl  Lath 


7^ 

No. 

SECTION 

110 

PUtoaDd 

Angle 

Hin.  thick,  on  wovw  win  Uth;  oot«r  lam  1  in.  tUdc. 
op  expanded  metal  lath.   H-in.  air  siwce  between  laywa. 
Proportion  of  Pouter.  1  part  Portland  oemwt,  1/10  pvt 
hycbated  Ume.  2H  pwto  ooane  lake  taad 

TABLE  te.— 8CHEDULI  OF  FIBl  AND  WATIB  TB8T8 

Btinf oroed  Ooncreta  Cdumiui 

IflMtifeLaiigth,  It  ft.  8  in. 


Tset 
•No. 


SECTION 


Mil- 


*Kind  of  CoMrete 


**EireetiYe 
Area,  Sq.  In. 


ReinioToemflBtt 
^Petcwtof 
Effective  Area 


111 


Vertioiaiy 
Reinforced 


i 


IM 


Chieaco  limeetone 
Merameo  R.  gravel 
Chicago  limestone 


Cooerete,  140 
Steel.  4J0 


Vertical,  2.78 
IjiteiBl.0.14 


US 


Roond 
Vert^^ 
Reinforced 


1:3:4 


Chicago  limeetone 
Meramee  R.  gravel 
Jolietgrsvel 


Concrete.  117 
Steel.  0.00 


Venied.4.6i 
Lateral,  0.10 


111 


1:2:4 


] 


New  York  trap 
If eramee  sTSavel 
Rookport  granite 


Concrete.  120 
Steel.  8  JO 


Vertical.  8^ 
Lateral.  0.80 


Three  kinds  of  concrete 
I  ton  to.bo^om  of  eohmia. 


were  used  in  each  oolnmn.  placed  in  three  sssfjons  in  t 
^A  dapth~of  8~iB7W«roaBd  dedaeted  ttcm  the  groee  seetioa  for  fire  proteotion. 
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TABLE  if  .-8GHEDULI  OT  FIBI  AND  WATIB 

Unproteeted  Cast  Iron  OolnnmB 
EflMtife  Length,  12  ft.  6^  in. 


No. 

SECTION 

DETAILS 

•Nomi- 
nal 
Area, 
Sq^In. 

Least 
Radios 
ofGy- 
ratioB, 
r 
Ib. 

_1_ 

r 

114 
116 

RooBdCMIioa.           .^ 

VertkdIyoMt       ^ii=^S 

RooBdCbctlioa,     |V  ^   if 

Ends  Bot  rcBtnimd 
Ends  not  MBtzaiiMd 

14.45 
14.45 

S.S8 

a.S8 

tt.a 

IV.  PLACING  OF  COVBROIGS  AND  CONCRETE  COLUMNS 

The  work  was  planned  so  as  to  reproduce  as  nearly  as  possible 
the  conditions  obtaining  in  building  construction  in  point  of 
methods  of  application  and  workmanship.  This  was  done  to 
make  the  results  of  the  tests  applicable  without  undue  allowance 
for  differences  that  otherwise  might  be  deemed  to  exist  between 
the  test  sample  and  a  similarly  constructed  member  in  a  building. 

I.  CONCRETB  PROTECnOHS  AND  COLUMNS 

(a)  FORMS  AKD  STAGING 

The  wood  forms  were  made  of  ifl-inch  yellow-pine  planks, 
with  clamps  spaced  about  2  feet  apart  vertically.  The  round 
columns  and  coverings  were  cast  in  metal  foiiM  made  of  No.  12 
(0.1094  ^^ch  thick)  sheet  steel,  the  f(;)rms  beii;ig  made  into  halves 
which  were  bolted  together  through  angles  riveted  on  their  edges. 

The  form  was  supported  within  a  Staging  extending  to  the  top 
of  the  test  coltimn  proper,  the  floor  erf  the  staging  being  used  as  a 
platform  from  which  the  concrete  was  placed  and  on  which  sub- 
sequently the  form  for  the  column  head  or  column-head  protection 
was  erected.  A  view  of  the  staging  with  column  forms  in  place 
is  shown  in  Fig.  11. 
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Fig.   II. — Forms  and  staging  for  placing  concrete 
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(Jb)  METHOD  OF  PROPORTIOlilNO 

The  proportions  were  based  on  volume  parts  of  the  materials  as 
taken  ixoai  the  fains,  except  that  the  Portland  cement  was  meas- 
ured in  the  original  package,  one  bag,  containing  94  pounds  of 
cement,  being  taken  to  be  i  cubic  foot.  The  sand  and  stone  were 
measured  in  deep,  steel  wheelbarrows  in  2  and  3  cubic-foot  por- 
tions, the  volume  for  each  being  determined  l^  strikii^  off  the 
top  with  a  board  cut  to  the  required  shape  (Pig«  12).  In  some 
tests,  where  the  mixttues  appeared  lean  in: sand,  two  or  three 
shovelfuls  of  sand  were  substituted  for  an  equal  amount  of  stone. 

(c)  BCIXIlfG  AND  PUlCmO 

The  concrete  was  mixed  in  a  motor-driven  batch  mixer  having 
a  capacity  of  6  cubic  feet  of  mixed  concrete.  The  materials 
were  charged  into  the  mixer  in  the  following  general  order, 
subject  to  minor  variations  introduced  by  the  different  men 
in  charge  of  the  mbting:  (i)  2  cubic  feet  coarse  aggregate,  (2) 
2  or  3  cubic  feietof  sand,  (3)  1  bag  Portland  cement,  (4)  2  or 
3*  cubic  feet  of  coarse  aggr^^ate,  (5)  water.  Before  admitting 
the  water  the  materials  were  mixed  dry  for  a  period  varying  from 
X  to  K  minute,  the  total  time  of  mixing  being  limited  to  1% 
minutes  as  a  maymum  and  i  minute  as  minimum.  The  water 
was  measured  by  means  of  a  gage  glass  and  scale,  the  former  con- 
necting with  a  vertical  meastuing  tank  placed  above  the  mixer 

(Fig.  i^).' 

'  The  boncr^te  was  discharged  into  wheelbarrows  which  were 
raised  to  the  pkltform  of  the  staging  for  discharge  into  the  forms. 
The  concrete  was  spaded  along  tl^  inside  of  the  form  and  the  latter 
was  tapped  with  a  hand  hammer  to  assist  in  obtaining  a  good  con- 
crete surface. 

To  obtain  workmanship  comparable  with  that  on  field-placed 
concrete,  several  experienced  men  connected  with  local  construc- 
tion companies  were  at  different  times  placed  in  charge  of  the 
miixing  and  placing,  about  one-half  of  the  total  number  of  con- 
crete coverings  iand  colinnns  being  thus  placed.  The  methods 
thus  introduced  were  followed  in  the  mixing  and  placing  of  the 
concrete  for  the  remamong  columns. 
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2.  PLASTER  ON  METAI^ATH  PROTBCTIONS 

(a)  PLACINO  OF  LATH 

For  test  No,  23  the  lath  for  both  the  outer  and  the  mner  layer 
was  supported  on  round  bars  held  upright  by  iron  clips  made  from 
yi  by  1  inch  flat  bars  and  secured  to  the  structural-steel  section. 
This  method  proved  very  cumbersome,  and  the  lath  for  the  other 
steel  columns  was  supported  on  ^  by  f^  inch  channels  held  in 
vertical  position  by  wire  ties.  The  high-ribbed  lath  was  sup* 
ported  directly  on  the  metal. 

The  kith  was  placed  around  the  column  in  horizontal  courses 
with  laps  of  about  3  inches.  Horizontal  joints  between  sheets  had 
generally  shorter  laps.  All  laps  were  wired  with  No.  18  wire  ties 
placed  3  to  6  inches  apart  vertically  and  one  on  the  middle  of 
each  side  of  the  horizontal  joints. 

(6)  APPLYING  THB  PLASTBR 

The  plaster  coats  were  of  the  maximum  thickness  practicable 
with  the  given  mixture  of  plaster.  The  first  coat  of  a  layer  was 
allowed  to  set  two  or  three  days  before  applying  the  second  coat. 

The  lathing  and  plastering  were  done  by  experienced  Bien  ob* 
tained  through  a  local  plastering  contractor. 

3.  HOLLOW  CLAY-TILB  AND  BRICK  PROTBCHORS 

(a)  PROPORTIOmNG  OF  MORTAR 

The  mortar  was  proportioned  by  voliune  parts  of  loose  materials* 
The  proportion  used  was  i  part  Portland  cement,  i  part  stiff  lime 
putty  (slaked  Itunp  lime) ,  and  4  parts  fine  bank  or  lake  sand. 

(6)  PLACmO  OF  TCLB  AHD  BRICK 

The  coverings  were  detailed  in  advance,  and  tile  of  the  required 
size  was  supplied  when  possible.  All  cutting  of  tile  and  brick  was 
done  on  the  job  with  the  hammer  or  trowel.  A  view  of  tile  and 
gypstun-block  protections  under  construction  is  shown  in  Fig.  i^. 

The  work  was  done  on  a  contract  basis  by  a  mason  contractor, 
and  it  is  thought  that  the  workmanship  obtained  approximates 
that  seciured  in  good  building  practice. 

(a)  PLACmO  01  C01IC9KBTB  WUUVQ 

Where  concrete  filling  between  the  tile  and  column  was  used, 
the  tile  was  held  in  place  by  clamping  both  ways  every  2  feet, 
boards  being  placed  along  the  protection  inside  of  the  clamps. 
The  filling  was  placed  from  the  platform  of  the  staging  shown  in 
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Fig.  13. — Placing  of  clay- tile  and  gypsum-block  protections 
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Pig.  II,  the  whole  ^pace  being  £tled  in  one  continuous  operation. 
The  clamps  effectively  held  the  tile  against  the  pressure  of  the 
wet  fill,  and  very  few  mortar  joints  were  broken  from  this  cause. 

4.  GYPSUM-BLOCK  PROTBCTIOKS 

(a)  PROPORTIOliniO  Of  MORTAR 

The  proportion  of  mortar  used,  i  :  3,  neat,  imfibered,  calcined 
gypsum  and  fine  lake  sand,  was  the  richest  mixture  that  would 
work  satisfactorily  under  the  trowel,  the  materials  being  measiu-ed 
by  loose  volume. 

ib)  PLACmO  OF  BLOCK 

The  blocks  were  cut  from  standard-size  partition  blocks  with  a 
hand  saw,  the  resulting  pieces  being  generally  all  used  either  in 
the  covering  or  filling.  The  mortar  joints  in  the  covering  and 
between  the  blocks  and  flanges  of  the  test  column  were  well  filled. 

(c)  PLAcmo  OF  Fnxmo 

Where  wet  filling  was  used  the  dry  materials  were  first  tinned 
three  times  by  hand  and  then  mixed  with  water  in  small  batches. 
The  filling  was  placed  as  the  blocks  were  laid  up,  two  courses 
being  generally  filled  at  one  time. 

The  placing  and  filling  of  the  gypsimi  coverings  were  done  by  a 
fireproofing  contractor  employing  men  experienced  in  handling 
the  given  material. 

5.  METHOD  OF  STORAGB 

Normal  air  storage  was  used  for  all  columns  and  for  the  greater 
number  of  auxiliary  test  specimens. 

The  test  columns  were  stored  in  the  testing  room,  the  tem- 
perature of  which  during  the  summer  months  was  about  the  same 
as  that  of  the  outside  air,  and  varied  dtu^g  the  winter  months 
from  5  to  25®  C. 

The  auxiliary  test  specimens,  consisting  of  8  by  16  inch  con- 
crete cylinders  and  2-Jnch  moirtar  cubes  made  from  the  material 
of  the  covmngs  as  placed,  were  arranged  in  tiers  and  stored  near 
the  test  columns.  In  some  laboratory  tests  with  mortar,  the 
briquets  and  cubes  were  stored  for  periods  in  damp  closet  or 
water  as  stated  in  Section  V  (Table  28,  Appendix  D,  p.  356). 
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V.  AUXILIARY  TESTS  OP  MATBRIAtS 

The  results  of  the  auxiliary  tests  give  information  on  the 
physical,  chemical,  and  thermal  properties  of  the  materials  used 
in  the  columns  and  coverings.  Where  generally  accepted  stand- 
ards in  the  form  of  specificaticms  exist  some  comparable  measure 
of  quality  is  thereby  aflForded.  For  the  majority  of  the  materials 
no  general  specifications  have  as  yet  been  developed,  and  their 
representative  character  must  be  determined  by  the  extent  of 
their  use  and  the  methods  employed  to  obtain  material  of  average 
quality. 

The  large  nimiber  of  tests  of  concrete,  mortar,  and  plaster  give 
important  information  on  their  properties  and  variability  as  made 
under  conditions  approximating  those  obtaining  in  building 
construction. 

1.  TESTS  OF  STRUCTURAL,  BAR,  AND  WIRB  STEEL 

Results  of  tension  tests  are  given  in  Tabl^  5  iuid  6  (Appendix 
D).*  The  specimens  of  structin-al  steel,  about  7  inches  long  and 
^  to  K  iQch  wide,  were  cut  before  test  from  the  upper,  barged 
portion  of  the  column  section  by  drilling  and  ^wing.  They  were 
finished  to  uniform  width  over  a  gage  length  erf  a  inchea  Tests 
of  bar  steel  were  made  on  the  full  sections  of  the  bars  used  excq)t 
as  noted  in  Table  5  (p.  336). 

Specimens  for  hardness  tests  were  taken  where  tension  speci- 
mens were  difficult  to  obtain,  and  results  of  tests  are  given  in 
Tabl^  7  (P-  338), 

Chemical  analyses  of  structural  ^pd  rivet  steel  are  given  in 
Tables  (p.  339)- 

The  column  steel  was  of.  the  grade  gei^erally  u»l  for  structural 
pturposes*  Of  the  77  structural-steel  colunms  used  in  the  tests, 
36  were  donated  by  the  manufacttu'ers  and  22  were  baught  from 
the  same  sources,  with  no  specifications  as  to  quality  of  material. 
Th^  steel  for  the  remaining  columnsi.  which  were  purchased  at  a 
lat^  date,  was  specified  to  coBi(xm  with  the  specifications  for 
structural  steel  for  buildings  of  the  Axnerican  Society  for  Testing 
Materials.  Correspondence  with  the  manufacturers  indicates  that 
all  of  the  steel  was  made  by  the  open-hedrth  process  and  that, 

■The  tabular  matter  for  this  tection  U  placed  in  Appendix  D  (p.  334-364). 
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with  the  exception  above  noted,  the  specifications  followed  were 
manufacturer's  standard  specifications  for  steel  for  railway  bridges 
or,  for  medium  open^faearth  steel*  tensile  sti^ength  55  000  to  70  000 
pounds  per  square  inch.  A  few  of  the  test  results  are  above  or 
below  the  specification  limits  by  10  per  cent  or  less,  a  variation 
that  rn^y  be  allowable,  considering  that  most  ot  the  specimens 
secured  were  smaller  than  the  standard  size. 

The  metal  for  the  reinforcing  bars  was  specified  to  conform 
with  specifications  for  billet-steel  cooicrete  reinforcing  bars  of  the 
American  Society  for  Testing  Materials,  structural  grade.  The 
spiral  hooping  was  of  h^rd-drawn  wire  of  h^h  tensile  strength 
(87  400  pounds  per  squ^e  inch) . 

2.  TESTS  OF  CAST  mON 

Results  of  transverse  ^d,  tension  tests  are  given  in  Table  9. 
The  specimens  of  the  horizontally  cast  columns  were  cut  from  the 
projecting  flanges  in  the  upper  3  feet  or  head  of  the  column. 
Those  representative  of  the  metal  in  the  vertically  cast-iron  p4)e 
coltmms  loA,  J14,  and  115  v^ere  cut  from  a  duplicate  column. 
Results  of  chemical  analyses  of  the  iron  in  this  coliunn  are  given 
in  Table  10  (p.  339). 

Ttfe  iron  for  the  horizontally  cast  coltpoms  was  of  gray  foundry 
pig  with  admixttu-e  of  machinery  casting  scra|^.  The  mixture 
used  for  the  cast-iron  pipe  coltmm  and  caps  was  the  same  as  that 
regularly  us^d  in  the  ^namifacture  of  cast-iron  water  pipe.  The 
following  analyses  of  the  mix  were  furnished  by  the  makers: 


.   BM- 

xonially 

oolumxifl 

VocdcaUrcatl- 

I 

Hbri- 
columns 

VfctkaUfCMh- 

Coluiiuifl 

C«pt 

Column! 

Cp. 

solemn  ../.'.    . 

2.  Of 
.45 

'  .12 

1.60 
.34 

.32 

Sulphur 

.106 

.061 

.069 

CMlblll^CVbOfl.. 

. 

For  the  iron  in  the  horizontally  cast  coliunns,  the  analyses  and 
test  results  indicate  conformity  with  accepted  specifications  for 
gray-iron  castings  of  meditun  weight.  Par  the  vertically  cast 
columns,  tests  of  specimens  cut  from  one  end  of  the  duplicate 
column  gave  transverse  and  tension  values  about  equal  to  the 
specification  limits  and  those  of  specimens  cut  from  the  other  end 
gave  values  lower  by  about  15  per  cent. 
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3,  TESTS  OF  PORTLAND  CEMENT 

Tests  of  the  Portland  cement  used  in  the  columns  land  cover- 
ngs  were  made  by  the  Washington  and  Pittsbm-gh  laboratories 
of  the  Bureau  of  Standards  and  by  the  R.  W.  Hunt  Co.  The  results 
are  given  in  Tables  ii  to  13  (Appendix  D).  Sample  Nos.  i  to  5 
and B-i  and B-2,  Table  1 1 ;  H-i  to  H-6, Table  i ^  and H-i  to  H-3, 
Table  13,  were  all  from  the  mill  shipment  received  in  April,  1916. 
Sample  Nos.  H-7  and  H-8,  Table  12,  were  of  a  later  pttrchase  of 
the  same  brand  as  the  original  mill  shipment.  Sample  No.  12, 
Table  1 1 ,  was  of  the  Portland  cement  used  in  filling  the  pipe  column 
of  test  No.  12.  All  samples  were  individual  sack  samples  taken 
from  the  portions  of  the  shipment  used  at  the  given  time. 

The  time  of  setting  was  determined  with  the  Gillmore  needles 
in  all  tests.  Other  details  of  the  test  conformed  with  the  speci- 
fications published  by  the  American  Society  for  Testing  Materials, 
1 91 6.  As  based  on  average  results,  the  tests  indicate  conformity 
with  the  given  specifications  within  the  pertaining  limits  and  tol- 
erances, excepting  the  test  of  sample  No.  1 2.  The  latter  gave  low 
results  in  points  of  fineness  and  seven-day  tensile  strength. 

4.  TESTS  OF  SAND 

The  chemical  and  physical  properties  of  the  concrete  and  finer 
sands  are  given  in  Tables  14  to  17  (pp.  342-344). 

The  specific  gravity  was  determined  by  measuring  the  volume 
of  benzene  displaced  by  a  given  dry  weight  of  sand  in  a  Le  ChateUer 
apparatus. 

The  weight  per  cubic  foot  is  that  of  the  loose  dry  sand  poured 
into  the  measure  without  shaking  or  bumping  and  leveled  off  even 
with  its  top. 

The  weight  of  the  dry  contents  of  a  cubic  foot  of  the  sand  as 
used  on  the  work  was  somewhat  less  than  that  given  in  the  tables 
due  to  the  moisture  contained  which  caused  it  to  assume  greater 
bulk  than  in  the  dry  condition,  the  difference  being  about  10  per 
cent  with  coarse  sand  of  3  per  cent  moisture  content.  With  the 
finer  sands  the  decrease  in  weight  was  about  25  per  cent  as  caused 
by  a  moistm-e  content  of  4  per  cent. 

The  percentage  of  computed  voids  was  taken  equal  to  the  fol- 
lowing relation  of  values : 
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Weight  per  cubic  foot  (dry) \ 

I  —specific  grav.  X weight  of  cubic  foot  of  water/ 

The  granular  analysis  gives  percentages,  by  weight,  passing 
the  given  sieve  openings. 

5.  TESTS  OF  COARSE  CONCRETE  AGGREGATES 

Chemical  analyses  and  physical  properties  of  the  broken  stone, 
gravel,  and  cinder  used  for  concrete  aggregate  are  given  in  Tables 
i8  and  19  (p.  344). 

The  physical  properties  were  determined  according  to  the 
methods  given  for  tests  of  sand,  except  that  apparent  specific 
gravity  was  determined  in  water  in  a  graduated  vessel  on  the  sat- 
urated aggr^ate  and  was  taken  as  the  ratio  of  the  dry  weight  to 
that  of  the  water  displaced. 

6.  SOURCE  AND  CLASSIFICATION  OF  CONCRETE  AGGREGATES 

The  sands  and  coarse  aggregates  used  for  concrete  were  analyzed 
for  mineral  composition  and  their  chief  cQUStituents  are  given  in 
Table  20  (p.  345) .  Further  information  on  their  mineral  composi- 
tion, geological  origin,  geographic  location,  and  the  method  of 
preparing  them  for  commercial  use  ^re  given  in  the  folipwing  de- 
scriptions: 

(a)  FOX  lUVER  SAND 

This  sand  was  obtained  from  a  sand  and  gravel  deposit  about 
3  miles  east  of  Elgin,  111.  After  crushing  of  the  oversized  gravel 
the  whole  is  washed  and  screened  to  size.  The  grade  is  known  in 
tiie  Chicago  market  as  coarse  ''torpedo"  sand,  the  general  maxi- 
iiium  size  of  grains  being  X  of  an  inch.  It  is  clean  and  very  sharp, 
only  i  5  per  cent  of  the  grains  being  rounded. 

The  sand  is  of  glacial  origji^  and  its  principal  mineral  constit- 
uents are  caldte  and  dolomite,  44  per  cent;  quartz  and  chert, 
39  per  cent.  Ferromagnesians,  chiefly  biotite,  pyroxene,  and 
hornblende,  constitute  4  per  cent.  No  free  clay  matter  was 
present,  although  about  2  per  cent  of  hydrous  aliuninum  silicates 
were  contained  in  the  caldte  and  dolomite. 

This  is  a  clean,  sharp,  gladal  sand  obtained  from  a  sand  and 
gravd  deposit  at  Rockdale,  111.,  the  method  of  preparation  and 
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grading  being  the  same  as  for  Fox  River  sand.  The  chief  mineral 
constituents  are  calcite  and  dolomite,  47  per  cent;  quartz,  42  per 
cent;  feldspar,  chiefly  orthoclase  (KAlSijOg),  7  per  cent;  ferro- 
magnesians,  chiefly  as  biotite,  mica,  and  hornblende,  3  per  cent. 

(e)  MBRAMBC  RIVBR  SAIVD 

This  sand  is  obtained  incidentally  to  screening  and  washing  of 
gravel  dredged  from  the  bed  or  banks  of  the  Meramec  Iliver  at 
Drake,  Mo.  It  consists  almost  wholly  of  quartz  and  chert  grains 
formed  from  sandy  chert  by  rolling  in  the  stream  bed.  A  small 
amotmt  of  calcite  (i  per  cent)  is  present  as  a  coating  on  some  of 
the  grains.  The  quartz  grains  are  fully  rounded,  ivhile  the  chert 
is  partly  rounded  or  subangular. 

(d)  LONG  ISLAITD  SAIID  ,       ,  ,    ,, , 

This  sand  was  obtained  from  banks  near  Roslyn„  I/Ong  Island, 
N.  Y.,  and  was  screened  and  washed.  It  is  a  glacial  sand  formed 
from  the  crystalline  rocks  of  New  England.  The  principal  con- 
stituents are  quartz  and  feldspar,  with  minor  amoiints  of  ferro* 
magnesians,  slate,  magnetite,  and  cinders.  The  cinders  are  not 
an  original  constituent  of  the  sand.  The  sand  is  clean,  sharp,  and 
angular,  the  grains  showing  little  rotmding. 

(e)  PELBB  ISLAITD  SA2n> 

This  sand  was  dredged  by  boat  from  the  bottom  of  Lake  Erie, 
at  Fish  Point,  Pelee  Island,  Ontario.  It  is  of  glacial, origin  with 
sharp  and  angular  grains  that  show  almost  no  punding.  ,  Of  th^ 
mineral  constituents,  calcite  an4.  dolomite  constitute  32  p(?r  cent; 
chert  and  quartz,  51  pa:  cent.  Clay  is  present  to  the  extent;  of 
4  per  cent,  of  which  abput  one-half  is  free  clay  matter,  and.thje 
rest  shale.  ... 

(/)  PIUM  ISLAND  SAKD 

This  sand  was  dug  on  a  beach  at  Plum  Island  on  the  Massa- 
chusetts  coast  and  w£^  not  screened  or  washed.  It  is  of  glacial 
origin  although  much  modified  by  ocean  waves  and  currents. 
About  50  per  cent  of  the  grains  have  been  worn  to  a  subangular 
condition  and  about  3  per  cent  are  well  rounded.  It  is  fine- 
grained and  contains  no  free  c\ty  material,  the  mineral  composi- 
tion being  otherwise  closely  identical  with  that  of  the  Long  Island 
sand. 
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(a)  CHZCAOO  UBfBSTOlIB 

The  stone,  which  was  crushed  to  noxninal  ^-inch  size  was  qiiar* 
ried  at  Gary,  Ind.,  from  a,  ledge  of  the  Niagara  formation.  It  is 
a  true  dolomite  (calcium  magnesium  carbonate) ,  carrying  a  nsoder- 
ate  amount  of  clayey  impurities. 

(A)  JOUBT  GRAVEL 

This  is  obtained  from  the  same  som-ce  as  Joliet  sand.  It  is  a 
glacial  gravel,  consistirig  largely  of  limestone  pebbles,  of  which 
20  per  cent  are  rotmded  and  60  per  cent  subangular  or  partly 
rotmded.  Mineralogically  the  composition  is  86  per  cent  dolo^ 
mite,  containing  about  5  per  cent  clayey  impiuities;  5  per  cent 
quartz  in  the  form  of  sandstone  and  quartzite;  2  per  cent  quartz, 
5  per  cent  feldspar,  and  2  per  cent  ferromagnesian  silicates  as 
pebbles  of  granite,  gabbro,  and  other  basic  igneous  rocks. 

(0  MBRAMBC  RIVBR  GRAVEL 

The  pebbles  consist  almost  entirely  of  chert,  an  amorphous 
form  of  silica  containing  a  variable  amount  of  water  in.chefiiical 
combination.  In  the  sample  examined,  85  per  cent  of  the 
pebbles  show  no  trace  of  an  earliei*  structure,  4  per  cent  are  sand- 
stone re{>lacements,  9  per  cent  are  limestone  replacements,  and 
2  per  cent  have  once  been  shale.  The  pebbles  are  colored  lirown 
with  Bmonite  (2Fe/),-3H30). 

0)  WEW  YORK  TRAP  ROCK 

This  was  quarried  at  Haverstraw,  N.  Y.,  from  the  northera 
end  of  the  sill  of  diabase  which  extends  along  the  western  shore 
of  the  Hudspn  River  from  ^s  point  to  Staten  Island,,  forming 
the  Palisade^  of  the  Hudson.  Jt  is  an  intrusive  ignequs.rock  of 
finely  crystalline  texture.  Of  the  minerals  present,  feldspar, 
chiefly  plagioclase  (CaAlaSiaO^ ) ,  with  some  a^bite  feldspar  (NaAl- 
SisOg),  constitute  71  per  cent;  ferromagnesians  as  augite,  19  per 
cent,  and  as  olivine,  7  per  cent.  In  addition  to  2  per  cent  of 
magnetite  (FejOJ,  there  are  present  scattered  crystals  of  quartz 
(SiO,)  and  apatite  [Ca5F(P04)8]. 

ik)  ROCKPORT  GRANTTB 

This  stone  was  quarried  at  Rockport,  Mass.,  and  is  sometimes 
known  as  Cape  Ann  granite.  It  is  an  intrusive  igneous  rock 
that  crystallized  under  great  pressure  from  a  fused  condition. 
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The  mineral  composition  is  59  per  cent  feldspar,  chiefly  ortho- 
clase  (KAlSijOs)  with  some  albite  (NaAlSiaOJ ;  35  per  cent 
quartz;  5  per  cent  ferromagnesian  silicate,  as  hornblende  [(Fe, 
Mg)SiO,]. 

The  feldspars  show  slight  alteration  to  kaolin  and  chlorite. 
The  qtiartz  contains  many  tiny  cavaties  filled  with  gases  and 
water  occluded  when  the  rock  was  formed. 

(/)  CLEVELAJBOy  SANI>8TONS 

The  stone  was  quarried  at  Amherst,  Ohio,  and  geologically  is 
known  as  Berea  sandstone  or  Berea  grit.  It  is  pure  sandstone, 
98  per  cent  consisting  of  subangular  grains  of  quartz. 

(m)  HARD^OAL  CINDBRS 

This  is  an  anthracite  cinder  representative  of  the  product  used 
for  cinder  concrete  in  New  York,  N.  Y.  It  consists  largely  of  a 
porous,  fused  mass  of  basic  silicates,  apparently  high  in  lime  and 
magnesia  and  low  in  iron.  There  is  present  about  10  per  cent  of 
unbumed  coal  and  5  per  cent  unfused  ash. 

7.  TESTS  QF  CONCRBTE 

The  quaHty  of  the  concrete  sectu^  is  thought  to  represent  that 
of  field-placed  concrete  as  nearly  as  it  can  be  conveniently  dupli- 
cated tmder  laboratory  conditions.  The  method  used  for  pro- 
portioning the  dry  materials  was  more  acctu^te  and  the  time  of 
mixing  longer  than  now  generally  obtain  on  construction  work. 
The  range  of  consistency  resulting  from  the  method  ethployed  for 
mixing  the  concrete  is  deemed  to  be  representative  of  current 
field  conditions.  Where  concrete  is  properly  placed  in  large 
building  member^  its  properties  are  probably  more  uniform  than 
as  given  by  tests  of  the  relatively  smaller  cylinders,  being  for  a 
given  mixture  and  consistency,  more  nearly  the  average  values 
obtained  in  the  tests. 

<a)  TEST  SPBCIBCSNS 

Four  cylinders  of  8-inch  diameter  and  16-inch  length  were 
molded  of  the  concrete  mixed  for  each  concrete  covering,  filling, 
or  column.  Cylinders  were  also  taken  of  the  concrete  in  the 
head  protections  of  some  of  the  columns  where  the  method  of 
mixing  had  been  modified  so  as  to  give  information  on  the  effect 
of  a  lower  water  content  and  of  a  longer  mixing  period. 
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The  molds  were  of  cast  iron  with  machined  base  plates.  After 
the  concrete  had  set  and  before  removal  of  the  molds,  the  cylinders 
were  capped  with  a  plastic  mixture  of  Portland  cement  and 
calcined  gjrpsmn  applied  even  with  the  top  of  the  molds  by  means 
of  a  finished  iron  plate  which  remained  in  place  tmtil  the  mixture 
had  set.  In  molding,  care  was  taken  to  obtain  the  same  con- 
sistency of  concrete  in  the  cylinders  as  in  the  colunm.  Except 
for  spading  with  a  thin  tool,  near  the  smiace^.the  concrete  was  not 
puddled  or  tamped  in  the  mold. 


FiO.  14.— Concrete  cylinder  afUr  Ust 
(6)  PBR  CBNT  WATBR  IN  CONCRBTB  BaZTURB 

The  water  introduced  in  mixing  was  measm^d  at  the  mixer, 
and,  for  all  but  the  first  1 5  columns  covered,  that  present  in  the 
aggregates  was  determined  from  samples  taken  on  the  day  the 
concrete  was  mixed.  The  dry  weight  in  pounds  p^  cubic  foot 
of  the  aggregates  as  used  was  determined  in  a  number  of  separate 
tests  with  each  aggregate  in  which  the  same  methods  of  fiUing  the 
measures  were  used  as  were  employed  in  proportioning  materials 
for  the  concrete.  The  net  weight  per  bag  of  Portland  cement  was 
found  to  be  very  nearly  94  pounds.  The  water  content  of  the 
20184**— 21 5 
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mixture  is  the  sum  of  the  water  introduced,  and  that  contained 
in  the  aggregates  and  in  the  tables  and  diagrams  is  expressed  as 
a  percentage  of  the  total  dry  weight. 


Flo.  15. — Average  and  range  of  compressive  strength  of  1:2:4  and  1:1:$  contrete 

While  the  above  method  gives  a  fair  comparison  in  point  of 
consistency  of  concrete  made  from  the  same  aggregate,  the  com- 
parison between  those  of  diflferent  aggregates  is  less  direct,  due  to 
diflferences  in  specific  gravity  and  absorption. 
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Fio.  1 6. — Average  and  range  of  compressive  strength  of  J:j:S  concrete 
(c)  TBSrmO  OF  €X>1ICRBTB  CTUNDmS 

Two  cylinders  of  each  set  were  tested  in  compression  at  the  age 
of  four  weeks  and  two  at  the  time  the  corresponding  column  was 
tested.  In  the  case  of  the  latter,  the  compressive  load  was  applied 
by  increments  of  about  lo  ooo  ppunds,  and  the  deformation 
measured  over  a  jo-inch  'gage  length  by  means  of  an  Ames  dial 
gage  mounted  in  a  pivoted  frame  (Fig.  14).  The  results  of  tests 
on  concrete  mixed  for  the  protections  and  coltmms  are  given  in 
Table  21  (p.  346)  and  those  of  the  concrete  in  some  of  the  head 
protections  in  Table  22  (p.  350). 

(d)  COBiCPRSSSIVB  STRENGTH  OF  CONCRBTB 

The  diagrams  in  Figs.  15  and  16  give  the  average  and  range  of 
compressive  strength  of  the  cylinders  taken  from  the  concrete 
xnixed  for  the  coltmms,  their  covering  and  filling.  In  Figs.  1 7  and 
18  the  general  effect  of  consistency  on  compresave  strength  is 
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Wster  in  mixture,  percent  ol  weight  ol  total  dry  matcriab 

Flo.  17. — Effect  of  consistency  on  comj^ressive  strength  of  concrete.    Average 

age,  28  days 


Water  in  mixture,  per  cent  of  weight  of  total  dry  materials 

Flo.  18. — Effect  of  consistency  on  compressive  strength  of  concrete.     Average 

age,  4^  days 
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shovm.  Herein  are  also  included  the  tests  (Table  22)  made  to 
study  the  effect  of  a  lower  water  content.  Fig.  1 9  gives  a  compari- 
son of  the  strength  of  concrete  mixed  for  i  and  for  2  minutes. 
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1000 


Time  of  mixinc  in  mimitrti 
Fio.  19. — Effect  of  Um4  of  mixing  on  comprs§siv€  strongih  of  concrete 

The  mixtures  having  a  water  content  of  9  to  11  per  cent  were 
of  quaking  or  mushy  consistency,  the  drier  ones  being  discharged 
from  the  mixer  with  considerable  diflBculty.  The  higher  water 
percentages  (12  to  15)  represent  varjring  degrees  of  fluid  consist- 
ency. The  restricted  space  in  which  some  of  the  concrete  was 
placed  made  fluid  or  semifluid  consistencies  necessary  in  order  to 
secure  proper  placement,  although  beyond  the  point  where  water 
collects  above  the  concrete  after  discharge  little  is  gained  in  this 
particular  by  the  excessive  use  of  water.  For  a  given  consistency 
the  cinder  and,  to  less  extent,  the  sandstone,  required  a  larger 
amount  of  water  than  the  other  i^gregates.  due  to  greater  absorp- 
tion. 

For  the  concrete  in  the  columns  and  coverings  (Table  21)  the 
amotmt  of  water  introduced  was  determined  by  the  man  in  charge 
of  the  mixing  and  placing  of  concrete  for  the  given  coltunn,  the 
water  for  the  first  batch  being  added  by  increments  xmtil  the 
desired  consistency  was  attained.    For  the  concrete  in  the  head 
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protections  (Table  22)  the  amount  of  mixing  water  necessary  for 
any  desired  total  moisture  content  was  generally  predetermined^ 
knowing  the  dry  weight  of  the  aggr^ates  employed  and  their 
moisture  content  at  the  given  time. 

it)  MODULUS  OF  ELASncmr  OF  CONCRSTE 

A  comparison  of  values  for  450, 650,  and  850  pounds  per  square 
inch  is  given  in  Fig.  20  as  obtained  from  Table  21 .  The  modulus 
of  elasticity  is  taken  as  the  ratio  of  the  given  tmit  stress  to  the 
corresponding  total  unit  deformation.  In  Fig.  21  the  variation 
with  ultimate  compressive  strength  is  shown,  and  in  Fig.  22  the 
effect  of  water  content  of  the  mixtin^.  The  plots  are  based  on 
values  of  modulus  of  elasticity  given  in  Tables  21  and  22  for  stress 
of  650  pounds  per  square  inch. 

In  all  tests  the  age  of  the  concrete  was  over  one  year  and  the 
values  of  modtdus  of  elasticity  found  are  on  the  average  higher 
than  those  generally  taken  to  obtain  for  concrete  at  lower  age. 
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Flo.  20. — Modulus  of  elasticity  of  concrete  at  450  to  8jO  lbs,  per  sq.  in. 
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8.  TESTS  OF  LIMB 

Chemical  analyses  and  physical  properties  of  quicklime  and  hy- 
drated  Ume  are  given  in  Table  23.  The  analyses  disclosed  a  high 
caldmn  Ume.  The  quicklime  passed  standard  specifications  but 
the  hydrated  product  failed  in  point  of  CO  content,  fineness,  and 
sotmdness.  The  latter  was  used  only  as  a  minor  component  in 
the  Portland-cement  plaster  protections. 

9.  TESTS  OF  CALCINED  OTPSUM 

Analyses  and  tests  of  eastern  and  western  gypsum  are  given  in 
Table  24  (p.  351). 

10.  TESTS  OF  MORTAR,  PLASTER,  AND  FILLING 

Results  of  compression  tests  on  the  mortar  and  plaster  used  in 
the  coverings  are  given  in  Tables  25  to  27  and  a  further  comparison 
of  average  and  range  of  compressive  strengths  is  given  in  Fig.  23 
The  specimens  for  these  tests  were  taken  of  the  materials  as  mixed 
by  the  workmen.  They  were  stored  in  air  without  artificial  drying 
or  curing. 
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Flo.  23. — Average  and  range  of  compressive  strength  of  mortar  and  plaster 
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The  results  of  a  series  of  mortar  tests  made  by  the  Pittsburgh 
laboratory  of  the  Bureau  of  Standards  are  given  in  Table  26 
(p-  356) .  The  same  materials,  proportions,  and  average  percentage 
of  water  were  used  as  for  the  mortar  and  plaster  of  the  column 
coverings. 

Table  29  (p.  354)  gives  results  of  compression  tests  on  cylinders 

molded  of  the  mixture  with  which  gypsum-block  protections  were 

fined. 

11.  TBSTS  OF  HOLLOW  CLAY  TUB 

(a)  dASSIFIOATIOIf  AHD  DBSCUPTIOll 

The  characteristics  of  the  hollow  tile  employed  as  column  cover- 
ing are  given  in  Table  30  (p.  357). 

The  straight  partition  tiles,  Nos.  A  to  E,  were  nonporous;  that 
is,  burnt  without  sawdust  or  other  filling.  The  curved  tiles,  Nos. 
F,  G,  and  H,  in  point  of  method  of  manufacture,  were  porous. 

(b)  PORO8ITT  AHD  ABSORPnON 

The  porosity  of  the  burnt  clay  (Table  31)  was  obtained  by  dry- 
ing samples  of  tile  to  constant  weight  at  112^  C  and  immersing  in 
hot  water  tmder  vacuum  of  24  inches  of  mercury  for  about  four 
hours,  the  porosity  being  based  on  the  ratio  of  volume  of  water 
absorbed  to  that  of  the  test  specimen.  The  weight  of  water 
absorbed  is  also  expressed  in  Table  31  (p.  358)  as  a  percentage  of 
the  dry  weight. 

(c)  COMPRXSSn^  AHD  TRAVSVMR8B  STRBHOTH 

Table  31  gives  results  of  compression  tests  of  all  types  of  hollow 
tile  used  in  the  column  coverings.  The  cxurved  tile  was  tested  on 
end  and  t}^  partition  tile  wa3  tested  both  on  end  and  on  edge. 
By  the  latter  method  the  load  was  sitstained  by  the  outer  shells 
only  and  the  average  maximum  unit  loads  developed  are  in  all 
cases  lower  than  for  the  tests  made  with  the  tile  on  end. 

The  traijsverse  tests  (Table  32)  were  made  with  center  load  and 
supports  10  inches  apart.  Failing  generally  occurred  on  inclined 
planes  extending  from  points  on  the  lower  siu^ace  upward  toward 
the  loading  line.  In  calculating  the  maximimi  outer  fiber  stress 
and  horizontal  shear,  the  moment  of  inertia  and  other  properties 
of  the  section  were  obtained,  using  the  measured  dimensions  of  each 
test  specimen. 

id)  TEBn^BRATURXS  OF  VmUTICATION  AND  FUSION 

In  determining  temperatiu^es  of  vitrification  a  number  of  pieces 
of  each  kind  of  tile  were  dried  and  weighed  as  for  the  porosity 
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tests,  and  heated  to  800^  C  in  a  muffle  furnace,  after  which  samples 
quaere  withdrawn  at  temperature  intervals  of  30®  C,  allowed  to  cool 
slowly,  and  tested  for  porosity.  The  temperature  of  vitrification 
was  taken  as  the  point  or  region  of  minimum  porosity. 

In  preparing  samples  for  the  fusion  test,  fragments  of  a  number 
of  tiles  frcHn  the  same  clay  were  broken  up  and  a  sample  obtained 
by  quartering.  This  was  groimd  and  again  sampled,  the  final 
sample  being  ground  to  pass  through  an  80-mesh  sieve  and  made 
into  cones  ^  of  an  inch  high.  These  were  fired  in  a  small  pot 
furnace  between  standard  cones,  the  temperature  of  the  furnace 
being  determined  with  platintmi  thermocouples.  Softening  was 
indicated  when  the  tip  of  the  test  cone  went  over.  Fusion  was 
taken  as  occurring  at  the  stage  when  the  tip  of  the  cone  reached 
the  level  of  its  base. 

The  temperatures  of  vitrification  and  fusion  determined  for  the 
hollow  tile  and  brick  are  given  in  Table  33  (p.  361). 

12.  TESTS  OF  BRICK 

Results  of  tests  giving  the  porosity,  absorption,  compressive  and 
transverse  strength  of  the  brick  used  in  the  hnck  protections  are 
given  in  Tables  34  to  36  (p.  361-362). 

The  brick  was  made  in  the  Chicago  district  of  calcareous  stuiace 
clay  and  burnt  to  medium  hardness,  the  color  being  generally 
light  red.    The  average  dimensions  in  inches  were  2^  by  3^  by  8. 

13.  TESTS  OF  GTPSUM  BLOCK 

Results  of  porosity,  compresaon,  and  transverse  tests  of  gypsum 
block  are  given  in  Tables  37  to  39  (p.  363-364). 

The  porosity  tests  were  made  on  pieces  of  block  dried  for  24 
hours  at  60^  C  and  saturated  in  keros^ie  tmder  v£U!uum,  the 
method  beix^  in  other  respects  the  same  as  given  above  for 
clay  tile. 

In  calculating  modulus  of  rupture  the  outside  dimensions  of  the 
block  were  used,  the  scoring  and  imprints  being  neglected. 

14.  TESTS  OF  GYPSUM  WALL  BOARD 

Results  of  transverse  tests  on  gypsum  wall  board,  in  the  dry 
condition  and  after  saturation  in  water,  are  given  in  Table  40. 
The  strength  of  the  board  was  limited  by  the  tensile  strength  of 
the  paper  facing,  the  latter  developing  greater  resistance  when 
the  strain  was  parallel  with  the  grain  of  the  paper. 
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VL  DESCRIPTION  OF  FURNACE  AND  RELATED  EQUIPMENT 

The  furnace  and  accessory  equipment  used  in  the  tests  were 
specially  designed  for  the  purpose  and  consist  of  a  carriage  and 
traveling  crane  for  handling  the  test  columns,  a  furnace  in  which 
the  columns  are  subjected  to  fire,  a  ram  with  restraining  frame  for 
applying  load,  and  hydrant  with  means  for  appplying  water  in 
the  fire  and  water  tests. 

1.  BUILDING 

The  tests  were  made  at  Underwriters'  Laboratories,  Chicago, 
111.,  in  a  building  designed  for  work  of  this  character,  a  partial 
plan  of  which  is  given  in  Fig.  24  and  a  sectional  elevation  through 
the  center  in  Fig.  25. 

The  central  portion  of  the  building,  wherein  the  ftunace  for 
testing  columns  is  located,  is  in  one  story  about  37  feet  high,  an 
intermediate  operating  floor  being  located  in  the  outer  bays. 
Sliding  skylights  in  the  roof  of  the  building  above  the  furnace 
provide  means  for  ventilation.  The  operator's  station  <m  the 
upper  floor  is  inclosed  within  fire-resistive  partitions,  with  open- 
ings protected  by  wired  glass. 

2.  APPARATUS  FOR  HANDLING  COLUMNS 

A  carriage  traveling  on  the  lower  flange  of  the  I  beams  placed 
above  the  storage  bays  for  the  columns  is  used  for  transferring 
the  latter  to  the  traveling  crane.  The  column  to  be  moved  is 
lifted  on  threaded  rods  passing  through  the  top  plate  of  the  column 
and  plates  supported  on  a  truck  contained  within  the  carriage. 
This  truck  carries  the  ccdumn  from  the  traveling  crane  to  its 
location  in  the  fujuace,  on  I  beams  (a.  Fig.  25)  spanning  the 
space  above  the  fujuace  (Fig.  24). 

The  column  is  finally  attached  to  the  head  of  the  loading  ram 
and  lowered  into  position. 

3.  LOADING  APPARATUS 

(a)  LOADING  lUM 

The  special  hydropneumatic  ram  used  for  loading  the  columns 
was  designed  to  maintain  a  constant  load  dtuing  the  test  and  to 
develop  characteristic  deformation  at  the  point  of  failure. 

The  main  ram  is  36  inches  in  diameter  and  is  connected  with  a 
smaller  lifting  ram  supported  on  its  upper  head.    The  operating 
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medium  is  water  maintained  at  the  required  pressure  by  an  air 
compressor  which  discharges  into  steel  pressure  tanks  connected 
with  the  ram  cylinder  through  a  6-inch  main.  A  pump  is  also 
provided  to  maintain  the  water  at  any  given  level. 

Provision  is  also  made  for  applying  load  by  pumping  water 
directly  into  the  main  cylinder.  The  gate  valve  in  the  main 
leading  to  the  air-pressure  tanks  is  in  this  case  closed  and  regu- 
lation of  pressure  obtained  with  a  spring  relief  valve. 

(6)  CONTROXXniO  DXVXCS8 

A  gate  valve  is  placed  in  the  pipe  connection  between  the 
pressure  tanks  and  the  main  cylinder,  and  also  an  automatic 
cut-off  valve  which  shuts  off  the  pressure  tanks  and  releases  the 
pressure  in  the  main  cylinder  after  a  predetermined  downward 
movement  of  the  plunger  of  the  ram  has  taken  place.  For  the 
present  tests  the  valve  was  set  to  begin  shutting  off  pressure 
after  the  plunger  had  gone  down  2  inches,  the  valve  releasing 
the  pressure  after  an  additional  iX-inch  downward  movement. 
This  caused  maximum  center  deflection  of  the  column  at  failure 
of  about  15  inches.  As  a  further  precaution  a  pressiu^e  of  not 
less  than  400  pounds  per  square  inch  was  maintained  in  the  lifting 
cylinder. 

The  portion  of  the  main  cylinder  chamber  below  the  piston  is 
connected  with  the  outside  air  and  also  with  a  closed  discharge 
chamber,  with  the  latter  through  perforations  in  the  cylinder 
lining.  A  depth  of  water  is  maintained  in  this  part  of  the  cylin- 
der to  act  as  ai  cushion  in  case  the  travel  of  the  ram  piston,  follow- 
ing a  sudden  ccdumn  failure,  should  extend  to  the  end  of  the 
cylinder. 

To  obtain  an  approximate  record  of  the  load  sustained  by  the 
column  diuing.  test  and  during  the  period  of  failure,  a  steam- 
engine  indicator  was  motmted  on  the  control  board  {s,  Fig.  27) 
with  its  pressure  chamber  comiected  with  the  main  cylinder  of 
the  ram  and  the  drum  actuated  by  a  cord  attached  to  the  ram 
plimger.  The  resxilting  card  diagram  indicated  on  axes  at  right 
angles,  the  pressiu-es  in  the  main  cylinder  and  the  corresponding 
positions  of  the  ram  pltmger. 

For  convenience  in  operating,  the  valves  for  admitting  and 
releasing  pressiu-e  to  all  parts  of  the  loading  system  are  located 
at  the  control  board  (Fig.  27).  Here  are  also  located  the  load  and 
pressure  indicating  gages  and  the  automatic  and  manually  oper- 
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ated  controls  for  the  starting  switches  of  the  air  compressor  and 
water  pump.  The  main  features  of  the  installation  are  shown  in 
Fig.  25,  minor  piping  and  details  being  omitted. 

(c)  RBSTRAmiNG  FRAMB 

The  ram  is  supported  from  the  upper  transverse  members  of 
the  frame,  the  lower  set  being  embedded  in  the  fotmdation.pit 
Each  set  consists  of  two  pairs  of  24-inch  I  beams  with  cover 
plates.  Two  vertical  tension  bars  on  each  side  carry  the  reac^ 
tions  from  the  applied  column  loads.  The  lower  end  of  the  ram 
is  supported  laterally  in  an  intermediate  cross  frame. 

(d)  BSASmO  DBTAILS 

The  ends  of  the  test  column  are  bolted  to  rolled-steel  plates  2 
inches  thick,  which  are  in  turn  bolted  to  a  cast-steel  foundation 
plate  at  the  bottom  and  to  the  lower  flanged  head  of  the  ram  at 
the  top.  Between  these  and  the  column  plates  are  placed  adjust- 
able bearings  consisting  of  skew  disks,  the  middle  two  of  which 
can  be  tiuned  to  obtain  even  bearing. 

(«)  CAPACmr  AKD  CALIBRATION 

The  machine  has  a  load  capacity  of  545  000  poimds  and  has 
been  calibrated  by  the  Bureau  of  Standards,  using  a  comparison 
bar  whose  load-deformation  relation  was  determined  in  the 
2  300  000  poimd  Emery  testing  machine  at  Washington. 

The  accuracy  of  loading  within  the  range  used  in  this  series  of 
tests  can  generally  be  taken  to  be  within  i  per  cent  of  the  applied 
load,  with  a  possible  extreme  variation  of  2  per  cent  The  errors 
incurred  are  due  to  variation  in  the  ram  friction  and  in  the  indica- 
tion of  the  test  gages  used  for  determining  the  load.  The  latter 
were  calibrated  in  a  dead-weight  gage  tester  before  or  after  each 
test. 

4.  TESTING  FURNACE 
(o)  coMBusnon  chamber 

The  chamber  is  7  feet  square  and  12  feet  high,  exclusive  of  two 
shallow  pits  to  receive  falling  material  and  carry  off  water  during 
the  fire-stream  tests.  The  sides  are  formed  by  two  stationary 
brick  walls  and  two  movable  brick  walls  suspended  in  structural- 
steel  frames  from  overhead  beams  by  trolleys  (Fig.  25).  These 
walls  are  pulled  open  by  means  of  a  motor-driven  hoist.  The 
top  of  the  furnace  consists  of  heavy  fire-clay  blocks  supported 
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by  steel  I  beams  and  bangers.  Some  of  the  blocks  are  removable 
to  permit  installation  of  the  test  colmnn.  Concrete  made  of 
Portland  cement  and  crushed  fire  brick  and  reinforced  with  rods 
and  wire  mesh  was  later  substituted  for  fire  clay  in  making  addi- 
tional roof  blocks.  The  bottom  of  the  chamber  is  formed  by 
the  protection  provided  for  the  lower  bearing  plate  and  the  sup- 
porting members  of  the  restraining  frame. 

The  products  df  combustion  are  carried  oflf  through  four  flues 
extending  from  the  furnace  through  the  roof  of  the  building. 
The  ftunace  walls  are  provided  with  mica-glazed  observation 
holes,  so  arranged  near  the  top,  middle,  and  bottom  that  all 
parts  of  the  test  column  can  be  obsa^ed. 

A  general  view  of  the  furnace  with  a  preliminary  test  coliunn 
in  place  is  given  in  Fig.  26. 

(6)  BURNBIUS 

The  furnace  is  heated  by  means  of  four  primary  blast  burners 
extending  in  at  the  comers  at  the  bottom  of  the  chamber,  and 
are  all  arranged  to  discharge  in  an  inclined  direction  upward  and 
toward  the  adjacent  comer.  The  burners  are  supplied  with  gas 
and  air  through  tubes  connecting  with  mains  located  in  a  shallow 
pit  tmder  the  floor  outside  of  the  fmnace.  Gas  is  supplied  to  the 
furnace  through  a  6-inch  pipe  connected  to  the  city  service  mains. 
Air  is  supplied  by  an  electrically  driven  blower. 

The  primary  biuners  are  operated  with  a  smaller  proportion  of 
air  to  gas  than  is  required  for  full  combustion.  The  additional 
air  needed  to  complete  combustion  and  distribute  the  fire  is  sup- 
plied by  secondary  air  inlets  extending  through  the  walls  of  the 
furnace  at  regular  intervals  toward  the  top,  each  inlet  being 
provided  with  a  regulating  valve  (Pig.  25) .  The  air  is  so  directed 
as  to  avoid  impingement  on  the  test  column,  and  to  set  up  a 
whirling  motion  of  the  furnace  gase^  as  an  aid  in  seeming  imif orm 
temperature  distribution. 

(c)  OPBRATmO  DBTAn^ 

Means  for  regulating  the  gas  and  air  suppUed  to  the  burners  and 
the  draft  from  the  furnace  chamber  are  located  on  the  main  floor 
An  emergency  cut-off  valve  with  electrical  control  is  placed  in  the 
gas  main  leading  to  the  furnace,  with  switches  for  operating  it  set 
at  several  points  in  the  building. 

A  Hosldns  direct-reading  millivolt-temperature  indicator  with 
connections  to  foiu-  chromel-alumel  furnace  thermocouples  is  placed 
near  the  furnace  for  use  in  regulating  its  temperature. 
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Fig.  26. — General  view  of  testing  machine 
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KiG.   2(). — Temperature-mcasuriiuj  instrument. 
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5.  FIR£-STqtEAM  APPARATUS 

The  pressvipe  head  for  the  hose  stream  used  in  the  fire  and  water 
testsf  is'stipplted  by  air  pressure  in  a  tank  of  4500  gallons  capacity. 
The  trater.is  appdUed  through  a  standard  Underwriter  play  pipe 
with  nozzle  i}i  inches  in  diameter  (Fig.  28).  It  is  connected 
with  the  hydrant  through  about  20  feet  of  2fg-inch  cotton,  rubber- 
fined  hose^  A  throttling  valve  is  placed  at  the  outlet  to  the  hose 
afid  a  pressure  gage  connected  with  the  base  of  the  nozzle  by  means 
of  which  the  desired  pressure  during  water  ap|)lication  is  main* 
taited. 

The  water  was  applied  to  three  sides  of  the  column,  the  nozzle 
being  moved  bade  and  forth  on  one  side  of  the  furnace  and  kept 
at  a  distance  of  about  20  feet  from  the  center  of  the  column 
(Fig.H). 

VIL  TEMPERATITRE  MEASUREMENTS 

All  temperature  measurements  were  made  by  the  thermo- 
electric method,  platinum-platinum  rhodium  being  used  in  the 
thermocouples  placed  in  the  furnace  and  base  metal  in  those  on 
the  test -coltuuns.  The  electromotive  force  was  measured  with 
indicating  and  recording  potentiometers,  and  the  ccMxesponding 
temperature  obtained  from  comparison  calibrations  with  standard 
thermocouples  whose  temperature-emf  relations  were  known. 

The  temperatures  are  expressed  on  the  Centigrade  scale.  The 
Fahrenheit  equivalents  are  given  at  the  right  of  the  time-tempera- 
ture plots.  A  centigrade  and  Fahrenheit  conversion  table  is 
given  in  Appendix  F  (p.  375). 

1.  mSTRUHBNTS 

A  view  of  the  instruments  used  is  given  in  Fig.  29,  wherein  an 
indicating  potentiometer  or  indicator  is  shown  at  A,  a  recording 
potentiometer  at  5,  dial  and  push-button  switches  at  C  and  D, 
respectively,  and  bus-bar  distributing  board  at  E. 

(a)  nfDICATnfG  POTBIITIOBCSTSR 

The  potentiometer  consists  essentially  of  a  means  for  seeming 
a  known  variable  electromotive  force  and  balancing  it  against  the 
electrcmiotive  force  to  be  meastnred. 

A  wiring  diagram  of  a  simple  form  of  this  instrument  is  shown 
in  Fig.  30.  Current  from  a  battery  flows  through  the  resistance 
20184*— 21 6 
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ABCDE,  of  which  the  portion  BCD  is  a  slide  wire.  A  scale  is 
attached  to  the  slider,  giving  the  potential  drop  between  points 
on  the  sKde  wire  and  the  point  Bfori  given  value  oi  the  battay 
current.  The  latter  is  adjusted  to  the  given  value  by  oppostng  the 
electromotive  force  of  a  standard  cell  to  the  drop  of  potential  Over 
the  resistance  AB  and  var3dng  the  resistance  R  until  the  galvar 
nometer  included  in  the  circuit  shows  no  deflection.  In  a  aiitiskur 
manner,  an  unknown  electromotive  force  as  that  of  a  thermo-- 
couple, is  balanced  against  the  potential  drop  over  some  portion 
BC  of  the  slide  wire  and  its  magnitude  read  from  the  attached 
scale. 

Corrections  for  variation  in  the  temperature  of  the  cold. end  of 
the  thermocouple  require  in  general  the  addition  of  a  small  etectro- 
motive  force  to  the  observed  one.    With  the  potentiometer  ufled 


~)  standara  Cell 
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Fio.  sO'-^Wiring  diagram  cf  tndicaUng  potenUonuUr 

in  these  tests,  this  could  be  accomplished  mechanically  at  the  time 
of  making  the  observation  by  setting  off  the  corresponding  electro- 
motive force  on  the  cold-junction  compensator,  which  has  the  same 
effect  as  moving  the  point  B  up  the  scale  the  same  amotmt. 

The  potentiometer  indicator  used  in  these  tests  is  equipped  with 
two  scales,  one  reading  from  o  to  i6  and  the  other  from  o  to  80 
millivolts.  The  accuracy  of  this  particular  instrument  was  found 
to  be  within  one-fourth  of  i  per  cent  of  the  total  range  at  all 
points  on  the  scale. 

In  the  above  method  of  measurement  the  indication  is  inde- 
pendent of  the  resistance  of  the  thermocouple  and  lead  wires,  and 
no  errors  are  introduced  by  variations  in  resistance  caused  by 
temperattu'e  changes  in  them. 
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(6)  RXCORDmO  POTBHTIOBCSTSR 

The  wiring  diagram  of  this  instrument  is  an  exact  equivalent  of 
that  of  the  indicating  potentiometer  (Fig.  30),  the  electromotive 
force  of  the  thermocouple  being  automatically  balanced  and 
recorded.  It  has  scales  of  the  same  range  as  the  indicating  instru- 
ment, and  a  13-point  selector  switch  provides  connections  for  a 
maximum  of  12  thermocouples.  On  the  remaining  switch  point 
the  battery  current  is  automatically  adjusted  to  the  correct  value. 
Records  are  made  at  intervals  of  one  minute.  Where  the  tem- 
perature di£Feiences  between  the  di£Ferent  couples  connected  are 
not  too  large,  records  can  be  made  every  half  minute. 

(c)  ACCSSSORIXS 

The  accessories  consist  of  a  bus-bar  board  that  was  used  for 
connecting  any  desired  set  of  thermocouples  with  the  recording 
potentiometer,  a  12-point  double-pole,  double-throw,  push-button 
switch,  by  means  of  which  the  couples  connected  with  the  recorder 
could  be  read  on  the  indicator,  and  a  24-point  double-pole  dial 
switch  for  connecting  thermocouples  directly  with  the  indicator. 

2.  FURNACE  TBMPBRATURBS 

Because  of  the  high  temperatures  attained  in  column  tests  of 
long  duration  it  was  deemed  advisable  to  use  rare  metal 
(Pt-90  Pt  ID  Rh)  thermocouples  for  the  measurement  of  furnace 
temperatures. 

(a)  LOCATIOH  OF  rURlf  ACS  THRRMOCOUPLB8 

In  general,  fotir  couples  were  used  to  measure  ftimace  tem- 
peratures, placed  two  on  each  of  two  levels  at  3  feet  and  9  feet 
above  the  fireproofing  about  the  base  of  the  column  (Fig.  31). 
The  couples  on  the  3-foot  level  passed  through  the  furnace  walls 
near  the  northwest  and  southeast  comers;  those  at  the  9-foot 
level  near  the  northeast  and  southwest  comers.  Laterally  the 
junctions  of  the  furnace  pyrometers  were  placed  15  inches  from 
the  nearest  point  on  the  column.  The  above  symmetrical  dis- 
tribution is  such  that  the  center  of  gravity  of  the  couple  locations 
is  identical  with  that  of  the  portion  of  the  furnace  chamber  above 
the  fireproofing  line  at  the  base  of  the  column. 

The  ciu^es  on  the  time-temperature  plots  (Appendix  B)  cor- 
responding to  the  respective  furnace  couples  are  designated  as  L- 
NW,  L-SE,  U'NE,  and  USW,  the  letter  preceding  the  dash 
indicating  the  level  (L,  lower;  I/,  upper)  on  which  the  corre- 
sponding couple  was  placed;  those  following  it,  the  comer  nearest 
to  which  the  couple  entered  the  furnace. 
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The  same  system  of  designation  is  extended  to  include  the  few 
cases  where  couples  were  used  in  locations  other  than  those  men- 
tioned. An  exception  is  foimd  in  test  No.  20,  in  the  case  of  curves 
L4  and  U4.  The  corresponding  couples  measured  furnace  tem- 
peratures at  points  iK  inches  from  the  eolmnn  face,  3  feet  and 
9  feet,  respectively,  above  tHe  fireproofing  line.  They  were  made 
of  No.  16  iron  and  constantan  wires,  with  the  junctioos  exposed 
directly  to  the  furnace  atmo^here. 

(i>  THERMOCOUPLS  MOtJimifOS 

Details  of  the  thermocouple  mounting  are  shown  in  Fig.  32. 
The  use  of  rare-metal  couples  necessitated  porcelain  protecting 
tubes,  which  were  covered  with  woven-asbestos  sleeving  to  pre- 
vent breakage  from  sudden  temperature  changes.  The  altmdum 
tube,  with  its  winding  of  asbestos  cord  covered  the  outer  2  feet 
of  the  porcelain  tube  and  served  as  a  protecting  sleeve  where  the 
motrnting  passed  through  the  furnace  walls. 

The  porcelain  protecting  tubes  diflFered  somewhat  in  wall  thick- 
ness, as  furnished  by  three  different  makers.  The  maximum  and 
the  tniTilmiini  wall  thickness  were  ^  and  ^  of  an  inch,  respec- 
tively. About  85  per  cent  of  the  total  number  of  tubes  used  had 
a  wall  thickness  of  Very  nearly  )4  oi  an  inch. 

Practically  all  of  the  woven  asbestos  sleeving  was  bought  in 
two  lots,  both  of  the  same  nominal  size.  The  first  lot,  comprising 
approximately  K  ^f  the  sleeving  used,  ran  about  15  feet  per  potmd, 
the  second  lot  about  24  feet  per  potmd,  as  tmwotmd  from  the 
spool.  

(c)  COmVBCTIOlfS  TO  nfSTRUMXHTS 

Permanent  leads  of  No.  18  copper  fixture  wire  were  installed  in 
a  conduit  leading  from  the  case  housing  the  reccnrding  potenti- 
ometer to  the  base  of  the  furnace  wall,  from  whence  to-anches 
extended  up  to  the  thermocouple  points.  Hubbell  receptacles 
were  provided  at  the  couple  outlets  (Fig.  31),  which  received  the 
Hubbell  plugs  terminating  the  short  leads  attached  to  the  cold 
ends  of  the  furnace  couples  (Fig.  32),  At  the  instruments  the 
leads  led  to  the  bus-bar  board,  where  each  of  the  four  furnace 
couples  was  connected  to  three  recorder  points,  and  also  through 
the  push-button  switch  with  the  indicator. 

The  temperatiures  of  the  cold  jtmctions  in  the  heads  of  the  fur- 
nace pyrometers  were  measured  by  thermocouples  formed  of  one 
of  the  copper  leads  in  each  head  and  No.  18  constantan  wires 
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(Fig*  32),  which  were  installed  in  the  same  conduit  as  the  copper 
leads,  all  wires  extending  to  the  case  housing*  the  recorder,  from 
whence  copper  wires  led  through  the  dial  switch  to  the  indicator. 

3.  COLtTMN  TBMFBRATURBS 

The  base-metal  thermocouples  used  for  measurii^  column  tem- 
peratures were  of  No.  16  (B.  &  S.  gage)  iron,  No,  16  and  No.  i8 
constantan,  and  No.  18  nickel  wires,  in  the  combinations,  iron- 
constantan  an^d  nickel-constantan,  90  per  cent  of  the  total  number 
of  couples  used  being  of  the  iron-constantan  combination.  As 
supplied,  a  portion  of  the  wire  carried  a  thin  waterproofed  asbestos 
covering,  while  the  remainder  was  bare.  As  used  on  the  column 
all  wire  was  covered  with  closely  fitting  asbestos  sleeving, 

(a)  ikTTACHianiT  Ol  Tm»MOCOUPLB8  TO  COLUMN 

A  preliminary  test  consisting  in  subjecting  to  heat  in  a  gas- 
fired  furnace  two  concrete-covered  lengths  of  wrought  pipe,  with 
thermocouples  placed  on  the  metal  and  in  the  covering,  indicated 
that  the  proposed  method  of  meastuing  column  temperatures 
gave,  in  general,  reliable  results:  Two  methods  of  attaching  the 
couples  to  the  pipe  section  were  tried  out  and  appreciable  differ- 
ences of  indication  found  to  be  caused  by  the  given  variation  in 
this  detail.  By  the  one  method,  which  will  be  termed  "  peening  '* 
the  ends  of  the  individual  couple  wires  were  placed  in  closely- 
fitting  holes  drilled  in  the  metal  and  secured  in  place  by  driving 
in  lie  metal  around  the  holes,  using  a  slotted  ptmch  placed  in 
turn  over  ^ach  wire.  Couples  attached  by  the  other  method,  and 
referred  to  as  "insulated,"  had  fused  or  twisted  junctions  that 
were  laid  against  a  piece  of  mica  about  o.oi  inch  thick  placed 
between  it  and  the  metal.  1 

Since  it  was  apparent  that  the'  peetied  couples  gave  more  nearly 
the  true  temperature  of  the  metal,  the  couples  ou  tl|^  coltunns 
prepared  subsequent  to  the  preliminary  test  were  attached  by 
peenii^,  except  that  one  or  two  insulated  couple  were  added  at 
cert^  imtportamt  locations  as  a  check  on  the  adjacent  peened 
couples. 

The  couples  placed  before  the  preliminary  test  was  made  v^ere 
all  insulated  and  include  those  tmder  the  concrete  covering  or 
filling  of  all  partly  protected  columns,  test  Nos.  14  to  22,  inclusive, 
and  the  couples  of  the  concrete-protected  cohmm  of  test  No.  28 
and  those  on  the  vertical  bars  of  the  reinf orced-coxicrete  column 
of  test  No.  73. 
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To  decrease  the  danger  of  injury  to  the  peened  junctions  in 
placing  the  coverings  and  in  testing  the  cohimns,  the  region  imme- 
diately surrounding  the  point  of  attachment  was  covered  to  a 
thickness  of  about  >i  of  an  inch  with  asbestos  wool  loosely  placed 
under  a  shield  of  sheet  iron  i  inch  square  and  0.015  inch  thick. 
The  couple  wires,  protected  by  the  applied  sleeving,  were  held 
firmly  in  place  under  a  strap-iron  cHp  screwed  to  the  column  near 
the  jimction.  The  same  clip  also  held  the  shield  oiver  the  asbestos 
wool  in  place.  Similar  clips,  placed  about  18  inches  apart,  held 
the  couple  wires  on  the  column  up  to  i  foot  below  the  top  bearing, 
where  th^  were  all  led  out  through  a  ij4'^^^  pipe  (Fig.  3i), 

The  asbestos  wool  and  shield  were  omitted  over  the  insulated 
junctions,  since  it  was  thought  that  they  woidd  not  be  subjected 
to  as  large  strains  as  the  jtmctions  that  were  peened. 

As  it  was  very  diflScult  to  attach  couple  jimctions  to  the  inside 
of  hollow  steel  or  cast-iron  columns  by  the  peening  method,  the 
junctions  were  laid  against  the  metal  and  protected  with  asbestos 
wool,  as  described  above. 

In  placing  couples  in  the  cohmm  coverings  or.in  locations  other 
than  on  the  metal,  suitable  mea^s  were  used  for  supporting  them 
in  place,  the  methods  varying  with  the  conditions  presented  by 
the  different  t3rpes  of  coltmms  and  coverings.  In  sUl  cases  the  de- 
tails were  so  arranged  as  to  reduce  to  a  minimum  heat  ix^terchange 
between  the  couple  junction  and  its  support  as  well  as  between 
the  jimction  and  the  couple  wires.  The  latter  was  accomplished 
by  placing  a  sufficient  length  of  the  wires  immediately  leading 
from  the  juinction  in  a  plane  where,  with  the  contemi:4ated  fire 
exposure,  the  same  temperatures  would  normally  obtain  as  at 
the  junction. 

ih)  LOCATION  OV  COLUMN  THNRMOCPOTLBQ 

In  all  tests,  except  in  those  of  timber  columns,  the  thermo- 
couples were  spaced  vertically  in  four  general  locations,  B,  N;  Af , 
and  T,  i  foot  6  inches,  4  feet  6  inches,  7  feet  6  inches,  and  10  feet 
6  inches,  respectively,  above  tihe  fireproofing  line  at  the  base  of 
the  column  (Fig.  31).  The  lateral  locations  are  numbered  1,  2, 
3,  4,  etc.,  and  marked  by  small  soUd  circles  on  the  sectional  loca- 
tion diagrams  of  the  time-temperature  plots  in  Appendix  B.  The 
letter  and  the  number  designating,  respectively,  the  verticcd  and 
horizontal  position,  as  combined  in  the  ciuve  designations,  define 
completely  the  location  of  the  couple. 
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Additicmal  couples,  designated  on  the  plots  (Appendix  B)  as 
H2  and  H3,  were  placed  on  some  of  the  structural-steel  and  cast* 
iron  columns  at  the  base  and  on  the  edge  of  the  beam  bracket  near 
the  top  (Fig.  31). 

In  general  the  letter  i  following  the  nimibers  in  the  column 
couple  designations  (Appendix  B)  is  to  be  interpreted  as  ''insu- 
lated,'* referring  to  the  method  of  attachment.  Exceptions  occur 
only  in  test  Nos.  3  and  4  (Fig.  90)  in  the  case  of  the  couples 
attached  on  the  inside  of  the  column. 

Letters  indicating  points  of  the  compass  are,  in  general,  in- 
cluded in  the  designations  of  tiie  couples  that  are  not  on  the  side  of 
the  column  on  which  the  general  vertical  distribution  occiu^.  In 
the  latter  case,  the  couples  are  designated  by  the  location  letter 
and  niunber  only.  Exceptions  to  the  above  are  designations  for 
the  insulated  couples  in  test  No.  27  (Fig.  98),  No.  47  (F^.  loi), 
and  Nos.  62  and  63  (Fig.  126),  which  are  located  near  the  couple 
on  the  same  level  that  has  a  direction  letter  in  its  designation. 

The  couples  whose  curves  on  the  plots  for  the  timber  column 
tests  (Figs.  140  and  141)  carry  the  designation  T  were  located 
13  indies  below  the  cap  bearing,  the  lateral  positions  being  evident 
from  the  location  diagrams,  as  are  also  the  locations  of  the  couples 
on  the  metal  of  the  caps  and  pintles.  The  other  vertical  posi- 
tions were  the  same  as  in  tiie  other  tests. 

In  tests  Nos.  10  and  11  (Fig.  92)  and  No.  13  (Fig.  93)  the 
prime  mark  (0  on  one  couple  designation  in  each  test  indicates 
that  the  given  couple  had  no  asbestos  and  sheet-iron  protection 
over  it. 

In  test  No.  21  (Fig.  96)  the  prime  marks  on  two  curves  indicate 
couples  whose  leads  for  19  inches  immediately  above  the  junction 
were  jmytected  by  strips  of  asbestos  board  r  inch  wide  and  }i 
inch  thick,  the  object  bang  to  determine  what  influence  possible 
heat  interchange  between  the  leads  and  the  junction  would  have 
on  the  indication  of  the  couple. 

(c)  CONllBCnONS  TO  INSTRUMENTS 

The  wires  of  the  column  thermocouples  led  from  the  outlet 
in  the  column  head  above  the  ftunace  roof  to  the  junction  box 
placed  to  one  side  of  the  latter  (Fig.  31),  whore  they  were  put 
under  binding  posts  on  a  set  of  connecting  blocks.  Duplex 
leads  of  insulated  iron  and  constantan  wire  were  permanently 
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installed  from  the  junction  box  to  the  bus-bar  board  in  the  case 
housing  the  recording  potentiometer,  from  i^ence  copper  leads 
extended  to  the  dial  switch.  The  column  couples  could  accord- 
ingly be  connected  with  either  the  indicator  or  the  recorder. 

4.  METHOD  OT  TAKING  AND  REDUCING  OBSERVATIONS 

In  most  tests  the  rate  of  temperature  change  was  not  more 
rapid,  but  that  readings  of  both  furnace  and  column  thermo- 
couples could  be  taken  on  the  indicating  potentiometer.  Since 
it  was  found  that  the  observations  taken  with  it  were  more 
readily  reduced  to  final  form  than  the  recorder  records,  the 
temperature  determinations  as  given  in  the  tables  and  plots  are 
in  general  based  on  indicator  readings,  although  the  recorder  was 
connected  with  the  ^umace  couples  in  practically  all  tests,  and 
its  records  served  as  a  general  check  on  temperatures  during  the 
test,  and  were  also  used  in  making  occasional  interpolations 
between  indicator  readings  in  plotting  the  results. 

In  taking  observations  with  the  indicating  potentiometer  the 
electromotive  forces  of  the  furnace  ot  the  column  couples  were 
read  in  succession  in  a  chosen  order,  then  repeated  in  reverse 
order,  with  equal  time  intervals  (lo  seconds  or  less)  between 
consecutive  readings.  Mean  values  were  taken  of  the  direct  and 
reverse  readings  on  the  respective  couples,  which,  on  the  assump- 
tion of  linear  temperatiu"e  change,  are  equivalent  to  simultaneous 
readings  on  all  couples.  The  readings  of  the  copper-constantan 
couples  at  the  cold  junctions  of  the  furnace  pyrometers,  were 
reduced  to  the  corresponding  platinum-platinum  rhodium  elec- 
tromotive forces,  and  added  to  the  indications  of  their  respective 
fiunace  couples.  In  the  case  of  the  iron-constantan  column 
couples  the  cold  junction  correction,  which  was  due  to  temperature 
differences  between  the  junctiox^  at  the  bus-bar  board  and  the 
zero  of  the  caUbration  plot,  were  set  off  directiy  on  the  compel- 
sator.  For  the  nickel-constantan  colunm  couples  a  further  cor- 
rection was  appUed  due  to  the  electromotive  force  introduced  by 
the  couple  formed  in  connecting  the  nickel  couple  wire  to  the 
iron  wire  leading  from  the  junction  box  above  the  furnace  to  the 
instruments. 

After  the  proper  corrections  to  the  observed  electromotive 
forces  had  been  appUed  the  corresponding  temperatures  were 
obtained  from  the  calibration  plots. 
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8.  CALIBRATION  OF  THERMOCOUPUS 

(a)  rXTRNACB  THSRMOCOUPLBS 

The  furnace  couples,  in  addition  to  being  compared  several 
times  during  the  series  of  tests  with  a  standard  couple,  were 
frequently  submitted  to  a  homogeneity  test.  The  latter  is,  in 
effect,  a  determination  of  the  electromotive  force,  at  frequent 
points  along  the  couple  wire,  against  standard  wire  of  the  same 
kind.  This  test  was  necessary,  since  the  electromotive  force  of 
a  nonhomogeneous  couple — that  is,  one  whose  thermoelectric 
properties  vary  from  point  to  point  along  the  wire — depends  not 
only  on  the  temperature  of  the  junction,  but  also  on  the  magnitude 
and  position  of  the  temperature  gradients  along  the  length  of  the 
couple,  which,  in  general,  were  not  the  same  as  placed  in  the 
column-testing  furnace  as  in  the  fiunace  used  for  calibrations. 

Changes  in  calibration  were  foimd  to  be  very  small  as  long  as 
the  protecting  tubes  served  their  intended  purpose  of  excluding 
the  furnace  gases.  When  a  protecting  tube  was  broken,  or  the 
couple  wires  had  in  any  manner  been  exposed  to  the  furnace 
gases,  a  homogeneity  test  was  made.  When  such  test  showed 
no  electromotive  force  greater  than  the  equivalent  of  15®  C  at 
1000®  C,  the  couple  was  used  €^ain  without  further  treatment. 
When  this  value  was  exceeded,  the  wire  was  either  brought  suf- 
ficiently near  to  its  original  (uncontaminated)  condition  by  an- 
nealing for  several  hotu^  at  1 500®  C  by  passing  an  electric  current 
through  it,  or  the  bad  portion  of  the  wire  was  removed  and  good 
wire  substituted. 

An  acciu-acy  within  i  per  cent  of  the  indicated  temperatures 
was  attained  in  the  great  majority  of  tests.  In  the  case  of  indi- 
vidual couples  in  a  few  tests  the  homogeneity  determination 
indicated  possibility  of  errors  as  high  as  5  per  cent,  although  the 
actual  errors  incurred  were  probably  considerably  smaller,  since 
the  nonhomogeneous  portion  of  the  couple  was  not  necessarily 
in  the  r^on  of  maximum  temperature  gradient. 

(6)  COLUMN  THBRMOCOUPLBS 

Practically  all  of  the  wire  used  in  constructing  the  colunm 
couples  was  bought  in  two  lots,  one  of  which  was  purchased  in 
1914,  the  other  in  1917. 

A  preliminary  study  of  the  variations  in  the  thermoelectric 
properties  among  a  number  of  samples  taken  from  the  wire  in 
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the  first  lot  indicated  that  to  secure  the  desired  accuracy  calibra- 
tion of  individual  couples  made  from  this  wire  would  be  necessary 
and  that  differences  between  the  indications  of  individual  couples 
were  approximately  proportional  to  the  temperature. 

The  latter  result  showed  that  a  good  estimate  could  be  made 
of  the  calibration  of  a  given  couple  by  comparing  it  at  one  tem- 
perature with  a  standard,  and  this  practice  was?,  in  general, 
followed  for  all  the  couples  made  from  the  wire  in  the  lot  first 
piurchased.  Tests  on  about  50  representative  couples  made  from 
the  wire  in  the  second  lot  showed  sufficiently  small  variations 
among  the  individual  couples  as  to  permit  the  use  of  one  tem- 
peratiu-e-emf  ciu^e  for  all  the  couples  made  from  this  lot 

The  results  of  the  large  number  of  tests  made  in  studying  the 
wire  used  in  constructing  column  couples  indicate  that  the  accu- 
racy was  within  2  per  cent  of  the  indicated  temperatures. 

Vm.  DEFORMATION  MEASXTREMENTS 
1.  GENERAL  OUTLINE 

Included  under  this  head  are  means  for  measuring  (i)  the  4mit 
compression  and  expansion  over  a  definite  gage  length,  (2)  the 
total  depression  or  expansion  of  the  column  measured  at  a  point 
above  its  heated  portion,  (3)  the  lateral  center  d^ection. 
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FlQ.  35. — Diagram  showing  method  used  for  measuring  deformation 

The  general  method  used  for  measuring  unit  deformation  and 
center  deflection  is  shown  in  diagram  in  Fig.  33  and  a  view  of  the 
furnace  with  attachments  in  place  is  given  in  Fig.  34.  Fine 
nickel-chromium  alloy  wires  were  connected  to  opposite  sides  of 
the  test  column  at  points  symmetrical  with  its  center,  using  for 
each  a  short  length  of  heavier  wire  and  a  threaded  insert.    The 
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other  ends  of  the  wires  were  weighted  and  passed  over  small 
flanged  wheels  located  in  the  end  posts.  The  movement  of  the 
wires  was  measured  at  an  intermediate  station  on  each  side  of  the 
fmnace. 

(a)  ATTACHMSirr  AND  PROTBCTION  OF  WIRES 

A  detail  of  the  insert  used  for  attaching  the  wire  to  the  column 
is  given  in  Fig.  35,  as  are  also  details  of  the  water-cooled  insulating 
tube.  The  hole  for  the  insert  was  prepared  before  the  column  was 
covered  or  placed  in  the  furnace  and  a  i>^-inch  pipe  with  collar 
was  bolted  around  it  to  provide  a  clear  space  for  the  wire.  The 
pipe  projected  outside  of  the  covering  to  afford  support  for  the 
insulating  tube.  With  the  column  in  place  in  the  furnace,  the 
insert,  with  wire  attached  and  held  in  a  suitably  formed  tool,  was 
threaded  into  the  column  flange  and  turned  so  that  the  wire  was 
left  supported  on  the  upper  ledge  of  the  insert 

The  insulating  tube  was  designed  to  protect  the  wires  from  the 
heat  of  the  furnace,  as  otherwise  they  would  break  tmder  the  ten- 
sion to  which  they  were  subjected.  The  circulating  water  was 
contained  in  the  annular  space  between  the  2  and  3  inch  wrought 
pipes,  the  outer  pipe  being  further  protected  by  fire-clay  tubing. 
A  5-inch  wrought  pipe,  witii  the  annular  space  between  it  and  the 
3-inch  pipe  filled  with  finely  crushed  fire  brick,  was  substituted 
for  the  fire-clay  tubing  in  the  later  tests  of  the  series. 

Outside  of  the  fiunace  the  wires  were  shielded  by  sheet-metal 

tubes. 

2.  XJJXJT  COMPRESSION  AND  EXPANSION 

(a)  MICROBCBTBRS  AND  MOUNTINO 

The  vertical  movement  of  the  wires  was  measured  by  means  of 
microscopes  set  in  micrometer  slides  (Fig.  36).  The  latter  were 
moimted  one  on  each  end  of  nickel-steel  bars  supported  near  the 
middle.  The  supports  were  provided  with  pivots  and  slides  to 
seeing  angular,  vertical,  and  horizontal  adjustment  of  the  bar  as 
a  whole.  The  micrometer  heads  are  graduated  to  0.005  tnm  and 
can  be  read  to  the  nearest  o.ooi  mm,  the  total  range  of  the  slide 
being  50  mm. 

(6)  METHOD  OF  TAQNO  AND  RBDUCINO  OBSBRVATIONS 

Readings  were  taken  at  the  same  time  on  both  sides  of  the  f tu-- 
nace,  the  lower  micrometer,  upper  micrometer,  and  again,  the 
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Fig.  36. — Apparatus  for  tncasuririg  deformation 
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lower  micrometer  being  read  in  the  given  order  at  equal  intervals. 
The  compression  or  expansion  in  the  gage  length  was  obtained 
by  multiplying  the  movement  of  the  upper  wire  relative  to  the 
lower  wire  at  the  point  of  observation  by  the  ratio  the  distance 
from  the  column  to  the  wire  support  in  the  end  post  has  to  the  dis- 
tance from  the  latter  point  to  tiie  microscope  (Fig.  33).  The  unit 
deformation  is  the  average  of  the  values  of  total  deformatian  ob- 
tained as  given  above,  divided  by  the  distance  between  gage 
points  (94  cm). 

3.  CENTER  DEFLECTION 

The  lower  gi^e  point  was  located  near  the  center  of  the  heated 
length  of  the  coltmm,  and  the  center  lateral  deflection  was  meas- 
ured by  m^ms  <rf  polished  nickel  scales,  readings  being  taken 
with  reference  to  ^points  on  the  wires  and  their  reflection  in  the 
scales* 

The  east-and-west  deflection  scales  were  placed  perpendicular 
to  the  wires,  and  the  deflection  of  the  column  was  obtained  by 
multiplying  the  observed  movement  at  the  scale  by  the  ratio  of 
distances,  as  given  in  Pig.  33,  of  the  column  and  of  the  scale,  re- 
spectively, faom  the  wire  supports  in  the  end  posts,  taking  the 
average  of  values  obtained  on  the  two  sides. 

The  north-aiKl-south  deflection  scales  were  placed  parallel  with 
the  wiresi  amall  flat  disks  being  attached  to  the  latter  in  front  of 
the  scales,  with  reference  to  which  readings  were  taken.  The 
deflection  in  the  north  or  scmth  direction  is  the  average  of  the 
movements  observed  at  the  two  posts,  assimiing  the  expansion  of 
the  measiuing  wires  on  both  sides  of  the  column  to  be  equal. 

4.  TOTAL  DBPRBSSION  OR  EXPANSION 

The  total  vertical  depression  or  expansion  of  the  column  before 
failure,  as  indicated  by  the  movement  of  the  head  of  the  loading 
ram,  was  determined  for  the  coltunns  in  the  fire  and  water  test 
series,  the  timber  columns,  and  a  few  subsequent  tests  of  struc- 
tiu^l-steel  and  cast-iron  coltunns.  For  this  piupose  a  single 
No.  30  wire  on  one  side  of  the  furnace  only  was  attached  to  the 
bearing  below  the  head  of  the  ram  plimger,  the  details  of  attach- 
ment and  meastu-ement  of  its  movement  being  the  same  as  de- 
scribed in  paragraph  2  of  this  section. 
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5.  CALIBRATION  AHX>. ACCURACY  . 

Calibrations  of  the  instruments  and  appliances  used  for  meas- 
uring^ unit  deformation  and  study  of  the  test  results,  indicate 
possible  makimimi  errors  of  20  parts  in  160  000  (b.0002),  which 
correspond  to  errors  in  instrument  readings  of  about  0.008  inch 
(o.i2  mm).  These  errors  were  caused  mainly  by  the  change  in 
sag  of  the  wires  diie  to  moisture  in  the  insulating  tubes  and  also 
by  movement  of  the  column  as  a  whole  in  the  time  interval  re- 
quired by  a  set  of  micrometer  readings.  The  errors  due  to  irreg- 
ularities in  micrometer  screws  and  slides  and  in  parallelism  of 
slides  and  of  microscopes  as  mounted  on  the  suppwting  bar  were 
relatively  small. 

In  determining  the  total  expansion  or  depression  of  the  column 
by  measurement  of  the  movement  of  the  loading  ram  a  large  error 
was  incurred  in  applying  the  load  due  to  deflection  of  supports. 
During  the  subsequent  fire  exposure  under  constant  load  the 
supports  appear  to  have  remained  fairly  rigid,  the  maximtun 
errors  for  this  period  being  probably  within  o.oi  indi  (0.25  mm) 
for  the  steel  and  cast-iron  columns  and  0.04  inch  (i  mm)  for  the 
timber  columns. 

The  center  deflection  in  the  east-and-west  direction  was  deter- 
mined with  an  accuiscy  of  about  0.04  inch  (i  mm)  and  in  the 
north-end>^south  direction  within  about  o;o8  inch  (2  mm).  The 
principal  source  of  &ncor  in  the  latter  case  was  unequal  expansion 
of  the  wires  due  to  unequal  temperattxres  widiin  the  insulating 
tubes. 

DL  METHOD  OF  TESTING 

The  columns  in  the  fire-test  series  were  subjected  to  a  constant 
working  load  and  fire  exposiu-e  increasing  according  to  a  prede- 
termined time-temperature  relation  imtil  f ailiure  occurred  or  until 
they  had  withstood  the  test  eight  hours,  or  more. 

In  the  fire  and  water  tests  the  working  load  was  maintained 
constant  and  the  column  exposed  to  fire  for  a  predetermined 
period  when  water  at  given  pressures  was  applied  by  means  of  a 
hose  stream. 
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1.  LOADING  FORMULAS  AUD  APPUBD  LOADS 
(•)  w<Huairo  LOADS 

The  formulas  used  in  calculating  the  working  loads  to  be  placed 
on  the  columns  were  among  those  in  most  general  use  at  the  time 
the  method  of  procedure  for  these  tests  was  determined.  They 
are  given  in  Table  41,  where  are  also  given  the  properties  of  the 
coltunns  and  the  calculated  and  applied  working  loads. 

The  applied  loa;ds,  which  include  weights  of  the  coltunn  head  and 
bearing  blocks  (2500  poimds),  exceed  the  calculated  working  loads 

TABLB  41.--0O]CFnTBD  AND  APPLIED  WOBKINa  LOADS 


BSCnON 


Formula 


Area. 

Sq.IiL 


Vr 


ConintadLoad 


Sq.In. 


Total, 


Totalr 


Percent 
of 
Com- 
puted 
Xoad 


Plate  and  Aiigl6 

PlaU  andChannfll ,. 

iKtttcedOhaiuiel.... 

Z-bar  and  Plate 

I«beam  and  Channel 

LattloedAnfk 

Starred  An^ 

Bound  Cast  Iron 

(VertloaUyOast) 

Bound  Caft  Iron 

(HorlMOtaUyCast) 

BoondCastlron  ^ 

(Piamete^nwl) 

(Coo^lUlBd) 

-BcUifaiMd  Steel  F^ 
(Starred    an^    em- 
be«d«d  In  tiM)«PiM9e^ 
flOiiif) 

Square  VcrtkallT 
Beinforoed  Coooete. .. . 


Round  Vertjkmlly   _ 
Biloioiieed  OooofMe  •  • . . 


Concrete. 


Ifanber.. 


WPO-TOVr 

do    

do 

do    

do    

do 

do    

do    

lOOOWOl/r 

do    

do   

As  (13500-140  l/d> 
*|.Ao(lS»-UVd>. 

do    

460(Ao+15A8).. 

460CAe<flAA«).. 

M0(Ae+15At).. 

1 

1000(1 ) 

80d 


10.17 

13.00 
8.7ft 
7.78 
9.82 

10.1s 
&44 

13.37 

14.46 
14.78 
1478 


Steel 

Concrete 
aB.74 


76bO 
111.8 
04.7 
44^0 
8L7 
72.1 
40.7 
106.6 

08.2 

O&S 

08.2 


nTO 

11470 


lOMO 


Vd 


18.30 

Conoiete 

4a  07 

Concrete 
140 
Steed. 

Too 


Concrete 
127 
Steel 
6.00 

Concrete 
120 
Steel 
8.88 

130.4 


19.0 

i7.r 
13.7 

11.7 

1L7 
18.4 


18160 
8486 

0210 

6010 

6M0 


Steel 
10760 
Ckmcrete 
784 

Steel 
U060 
Gooonte 
806 

Concrete 
460 


0760 


Concrete 
460 
Steel 
0760 

Ooncrete 
060 
Steel 
0780 


OBOOO 
llOBQO 
lUOOO 
U1900 

80700 

87100 

87100 


101900 

281700 

90000 

07600 

U7000 
107700 


U90OO 
110000 

iiiSS 

106000 

mm 

182800 

laiooo 


98600 
06500 

05600 


114500 
28BQ0Q 

101000 
107690 

129000 

usixio 


109.7 
100.2 
110.6 
110.6 
109.6 

110.4 
110.7 

100.8 

lOOLO 

109.6 


100.2 

loao 

112.2 
110.8 

iiao 
iiao 


I— JBfliettrelflBfth»  IttfllMs. 

r— Least  radius  of  gyration,  inches. 

d— IHaiMter  or  sfclOr  ladies. 

2(W184*— 21 7 


A»-^Area  of  rertioal  stael,  so .  inc 
Ao— Area  of  ocmcrete,  sq.  indies. 
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by  about  lo  per  cent  for  most  of  the  columns.  The  principal 
part  of  the  excess  was  incurred  in  the  first  tests  of  the  series 
which  were  xnade  before  the  calibration  of  the  loading  ram  was 
completed.  It  was  decided  to  maintain  the  same  loads  for  the 
subsequent  tests  as  representative  of  a  moderate  condition  of 
overload. 

No  allowance  was  made  for  the  load-carrying  capacity  of  the 
covering  or  filling  in  any  of  the  tests  except  in  case  of  the  pipe 
columns  where  the  loads  were  calculated  according  to  the  loading 
formula  in  use  by  the  manufacturer  who  supplied  the  columns. 

(6)  LOADOVO  TO  FAILintB 

In  case  the  coltmm  withstood  the  8-hoiu-  fire  test  it  was  imme- 
diately loaded  to  failure  under  full  fire  exposure. 

In  the  fire  and  water  test  series,  three  protected  structural  steel, 
the  two  improtected  cast-iron,  and  the  three  reinforced-concrete 
columns  were  loaded  to  failure  after  they  had  cooled.  Four  pro* 
tected  structural-steel  columns  after  subjection  to  fire  and  watet 
application,  were  loaded  to  a  little  over  twice  the  appfied  working 
load  and  reserved  for  use  in  further  tests. 

2.  FIRE  EXPOSURB 
(a)  CHARACTXR  OF  THB  flSB 

The  fuel  used  was  carbureted  water  gas  from  the  city  service 
mains.  It  was  admitted  at  the  primary  burners  with  insufiSdent 
air  for  immediate  complete  combustion^  in  order  to  avoid  exces- 
sive temperatures  at  the  bottom  of  the  furnace  and  allow  further 
combustion  to  take  place  at  the  secondary  air  inlets.  The  gas 
was  generally  burned  with  suffid^it  air  to  prevent  deposit  of  soot 
on  the  test  column  or  furnace  walls, 

(6)  PRXLIMniART  PAHXL  TB8T8 

Dining  the  first  half  hoiu-  it  is  not  in  general  possible  to  regulate 
the  temperature  of  a  large  testing  ftunace  to  correspond  closely 
with  predetermined  temperatures;  also,  the  determination  of 
temperature  is  complicated  by  the  lag  of  the  ftunace  pyrometers 
with  the  rapid  temperature  rise  occiurimg  during  this  period. 
To  obtain  information  on  the  effect  of  varying  the  rate  of  tern* 
perature  rise,  two  panels  built  up  of  the  five  kinds  of  hollow  clay 
tile  used  as  protection  in  the  column  tests,  were  subjected  to  fire 
on  one  side  for  one-half  hotn-  and  allowed  to  cool  in  place.    The 
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average  furnace  temperatures  obtaining  in  the  two  tests  are  given 
in  Fig.  37,  and  in  Fig.  38  the  condition  of  the  panels  after  test  is 
shown.  Most  of  the  tile  developed  fine  cracks  which  extended  to 
the  inside  of  the  inner  shell  and  in  a  few  cases  through  the  cross 
webs  to  the  outer  shell.  Cracks  along  the  cross  webs  near  the 
inner  shells  were  common  and  some  imer  shells  were  loose.  While 
in  one  test,  the  indicated  ftunace  temperature  rise  in  the  first  10 
minutes  was  over  twice  as  rapid  as  in  the  other,  the  condition  of 
the  two  panels  after  test  was  nearly  the  same. 

(c)  tucb-txmpbratuxb  curvb 

The  temperature  of  the  furnace  was  regulated  to  conform  as 
nearly  as  practicable  with  a  predetermined  time-t^perature  ref- 
erence <mrve  shown  in  broken  lines  in  Fig.  39.  Here  is  also  shown 
the  ftuTiace  temperature  attained,  the  curve  being  obtained  by 


I 


»     .   6    .  -eo 

Time  in  minutes. 
FlO.  37. — Fumaci  temperatures,  prelinUnary  panel  tests 
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averaging  the  results  from  the  full  number  of  tests.  Three  curves 
giving  the  average  indicated  furnace  temperatm-es  attained  in 
previous  fire  tests  are  also  given.* 

On  the  reference  ctirve  of  the  colimm  tests  a  furnace  temperature 
of  832®  C  (1550°  F)  obtains  at  the  end  of  30  minutes,  and  927®  C 
(1700®  F)  at  the  end  of  the  first  hour.  From  this  point  the  tem- 
perature increases  at  a  gradually  varying  rate  up  to  2  hoiu-s, 
when  the  temperature  is  1010°  C  (1850®  F).  Subsequent  to  this 
the  rate  of  rise  is  constant,  iioi®  C  (2000°  F)  being  attained  at 
the  end  of  4  hours,  and  1260®  C  (2300®  F)  at  the  end  of  8  hoiu^s. 
The  average  indicated  ftmiace  temperature  was  somewhat  below 
the  reference  curve  in  the  first  hoiu*  and  above  it  by  a  maximum  of 
25°  C  during  the  subsequent  periods. 

{d)  INFLUBNCB  Of  PTROMBTBR  MOUimNG  ON  INDICATXD  TXBfPBRATUKBS 

With  the  type  of  mounting  it  was  deemed  necessary  to  use  in 
the  colimm  tests  (Fig.  32)  the  pyrometers  did  not  indicate  the  full 
measure  of  the  temperature  eflFects  within  the  furnace  chamber, 
due  mainly  to  the  heat  insulating  and  radiating  properties  of  the 
moimting. 

(i)  Temperature  Lag. — ^The  retardation  due  to  the  heat  insu- 
lation given  the  thermocouple  by  the  moimtiag  was  particularly 
marked  during  the  first  part  of  the  test  period,  when,  with  the 
obtaining  rapid  temperature  rise,  the  indicated  temperatures  were 
considerably  lower  than  those  acting  on  the  moimtiag  on  accotmt 
of  the  time  required  to  produce  temperature  equilibriimi  through- 
out the  latter.  This  effect  will  be  termed  **  lag, "  and  a  measm-e 
of  its  extent  can  be  obtained  by  application  of  the  principles  gov- 
erning heat  interchange. 

When  the  rate  of  temperatm-e  rise  is  not  too  rapid  and  the  heat 
interchange  is  chiefly  due  to  conduction,  within  a  given  range,  the 
temperature  lag  is  very  nearly  proportional  to  the  rate  of  rise  of 
indicated  temperature,  or, 

1/-<>  =  X|  (I) 

where  0  is  the  temperatiu"e  indicated  by  the  pyrometer;  U  is  the 

*  d.  Woobon  and  Miller,  Paper  No.  27s,  Inteniatiaoal  Assodation  for  Testing  Materials,  19x5;  floor  tctt 
Not.  55  to  74.  Humphrey,  U.  S.  G.  S.  Bulletin  No.  370:  paad  tttt  Not.  x  to  30.  British  Fire  Prevention 
Committee,  Journal  No.  6, 191  z;  average  from  dght  full-protection.  Class  B,  floor  tests. 
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temperature  the  pyrometer  woiild  indicate  if  the  ftimace  condi- 
tions at  the  given  instant  were  maintained  constant  a  sufficiently 

long  time,  -^  is  the  rate  of  rise  of  indicated  temperature,  and  X  is 

a  constant  for  the  pyrometer  considered  within  a  given  range  in  U. 
To  determine  X,  the  pjrrometer  was  plunged  into  a  gas-fired 
furnace  whose  temperature  was  maintained  as  nearly  constant 
as  possible  and  readings  taken  until  the  indicated  temperattu-es 
showed  little  or  no  change.  The  experiment  was  begun  as  soon 
after  the  gas  was  lighted  as  was  consistent  with  maintaining 
steady  temperature  in  order  that  the  ftunace  conditions  might 
approximate  those  present  during  the  first  part  of  a  column  test. 
If  t/,  for  the  conditions  of  the  experiment,  be  asstmied  constant, 
from  equation  (i) 

^""logeCfZ-e)"^^'  ^^^ 

where  t  is  the  time  after  the  pyrometer  was  introduced  into  the 
ftunace  and  C  is  the  constant  of  integration,  which  latter,  in  the 
method  applied,  is  eliminated  by  subtraction. 

The  results  of  two  determinations  are  given  in  Fig.  40  (a),  X 
being  obtained  from  the  slope  of  the  line  connecting  the  experimen- 
tal points,  multiplied  by  0.4343,  the  modulus  of  the  common 
system  of  logarithms.  As  applied  for  correcting  the  average 
clu-ve  of  indicated  temperature  of  the  colimm  tests,  a  lower  value 
than  the  average  experimental  result  was  used  to  allow  for  im- 
paired and  thinner  instilation  that  was  present  in  a  ntmiber  of 
tests,  a  value  of  X  of  2.4  minutes  being  used  up  to  indicated  tem- 
peratures of  about  800®  C.  Determinations  made  at  higher  tem- 
peratures gave  lower  results,  values  of  about  2  minutes  obtaining 
for  motmtings  with  tmimpaired  insulation  tested  at  950  to  1000®  C. 

In  Fig.  40  (6)  the  lower  curve  is  the  average  ciu^e  of  indicated 
ftunace  temperature  of  the  coltmm  tests  for  the  first  20-minute 
period.  Corrections  for  lag  were  deduced  for  the  indicated  tem- 
peratures given  by  the  ciurve  in  the  interval  5  to  20  minutes  by 
substituting  the  given  value  of  X  in  equation  (i),  the  rate  of  rise, 

-T-j  being  obtained  from  tangents  drawn  to  the  average  curve  at 

points  K  to  I  minute  apart.  As  given  by  the  difference  between 
the  original  and  corrected  ciu^es,  the  lag  decreases  from  a  little 
over  100®  C  at  5  minutes  to  14®  C  at  20  minutes.    From  there  on 
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the  decrease  is  gradual  up  to  the  uniform  slope  after  two  hours 
(Fig-  39)  >  where  the  lag  correction  is  about  i  ®  C.  For  the  furnace 
temperatures  of  the  individual  tests  the  corrections  would  be 
much  more  irregular  than  those  on  the  average  curve  on  account 
of  irregularities  of  slc^>e^  although,  in  general,  after  the  first  hour 
they  would  be  relatively  small  and  within  the  limit  of  error  appli- 
cable to  furnace-temperature  measurements.  The  furnace  tem- 
peratures as  given  on  the  plots  i^  Figs.  90  to  145  are  indicated 
tenq)eratures,  as  it  was  not  deemed  practicable  to  apply  correc-  * 
tions  for  either  lag  or  radiation  effects  to  results  of  imlividual 
tests. 

(2)  Radiahon  Effects. — ^In  a  gas-fired  furnace  where  the 
soturce  of  heat  is  combustion  within  the  chamber  the  inside  of  the 
walls  of  the  latter  will  be  at  lower  temperature  than  the  furnace 
contents.  The  indications  of  a  p3nrometer  introduced  into  the 
chamber  to  measure  the  tetnperattu^  of  its  contents  will  be  influ- 
enced by  radiant  interchange  of  heat  with  the  inclosure,  the 
extent  erf  the  effect  being  dependent  mainly  upon  the  size  of  the 
pyrometer  and  the  temperature  difference  between  the  inclosure 
and  the  gaseous  contents.  To  obtain  a  measure  of  the  extent  to 
which  the  indications  of  the  furnace  pyrometers  were  thus  affected, 
an  unprotected  thermocouple  of  fine  platinum — platinum-rhodium 
wires  0.004  inch  (i/io  mm)  in  diameter  was  supported  i}4  inches 
outside  of  the  closed  end  of  a  porcelain  tube  on  similar  wires  of 
larger  diameter  that  were  passed  through  and  sealed  into  the  end 
of  the  tube,  through  which  they  led  to  the  outside  of  the  ftunace. 
Two  pyrometers  of  the  same  design  as  those  used  in  the  coliunn 
tests  (Fig.  32)  were  placed  about  3  inches  away  from  the  impro- 
tected  couple  and  several  nms  made  in  a  furnace  having  walls  of 
the  same  material  and  of  about  the  same  thickness  as  those  of  the 
coliunn  f  lunace.  Readings  of  the  improtected  and  the  protected 
couples  were  taken  at  intervals  of  one-half  minute  or  less.  The 
indicated  temperatures  obtained  in  a  nm  extending  to  8  hours  are 
plotted  in  Fig.  41.  Those  given  by  the  imi»-otected  pouple  were 
considerably  higher  than  those  of  the  protected  couples,  because 
the  temperature  of  the  fine  wire  was  influenced  to  a  much  smaller 
extent  by  radiant  heat  interchange  with  the  inside  of  the  furnace 
inclosiure  than  that  of  the  protected  couples,  and  the  temperatures 
indicated  by  it  approximate  those  of  the  fiunace  ccmtents  as 
closely  as  can  be  attained  without  excessive  refinements. 
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The  difference  in  indication  due  to  radiation,  as  given  by  the 
lower  curve  in  Fig.  41,  was  obtained  by  correcting  the  average 
indication  of  the  protected  couples  for  lag  and  subtracting  the 
corrected  value  from  that  of  the  unprotected  couple.  While  the 
variations  in  the  resulting  difference  of  indication  are  partly  due 
to  local  and  general  variations  in  fiunace  conditions  and  minor 
changes  in  calibration  of  the  unprotected  couple,  the  general 
decrease  from  about  1 50^  C  during  the  first  half  hour  to  less  than 
50^  C  at  the  end  of  8  hours  can  be  ascribed  mainly  to  decrease  in 
temperature  difference  between  the  furnace  contents  and  the  inside 
surface  of  the  furnace  chamber. 

The  average  difference  due  to  radiation  was  applied  to  the 
results  plott^  in  Fig.  40  (6) ,  and  the  estimated  indication  of  the 
unprotected  fine-wire  couple  is  given  by  the  upper  curve 

Since  the  indication  of  all  p3nrometers  is  influenced  by  lag  and 
radiation  effects,  the  comparison  of  furnace  exposures  afforded 
by  the  indicated  temperatures  given  in  Fig.  39  is  limited  by  dif- 
ferences in  these  particulars  incident  with  the  types  of  pyrometers 
used. 

3.  FIRE  AND  WATER  TEST  PROCEDURE 

The  duration  of  the  fire  periods  varied  from  22 X  minutes  to  one 
hour,  and  that  of  the  subsequent  water  application  from  one  to 
five  minutes.  The  length  of  the  maximum  fire  period  was  de- 
termined by  the  time  within  which  water  is  generally  applied  in 
building  fires,  which  was  estimated  as  being  one  hour.  The 
unprotected  columns  and  some  of  the  protected  columns  were  given 
fire  periods  of  shorter  duration  which  were  well  within  the  time 
to  failure  of  the  corresponding  columns  in  the  fire-test  series. 
The  duration  and  pressure  of  the  water  application  were  also 
varied  for  the  different  types  of  protection,  the  heavier  ones  being 
subjected  to  the  most  severe  test  conditions. 

In  appl)dng  the  hose  stream,  the  nozzle  was  moved  back  and 
forth  on  one  side  of  the  furnace  and  maintained  at  a  constant 
distan(!:e  from  the  column,  the  water  being  applied  in  succession 
over  the  full  height  on  three  of  its  sides. 

4.  OBSBRYATIONS  DURINQ  TEST 

Readings  for  temperature  of  furnace  and  of  test  column  were 
taken  at  intervals  of  2  to  1 5  minutes,  the  frequency  of  the  readings 
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depending  on  the  rate  of  temperature  change.     Readings  for 
d^ormation  were  also  taken  at  intervals  of  2  to  15  minutes. 

Notes  were  taken  on  the  character  of  the  fire  and  on  its  effects 
on  the  test  column  at  all  stages  of  the  test  where  the  latter  could 
be  observed. 

5.  OBSBRVATIONS  AFTER  FAILURB 

After  the  column  had  cooled  notes  were  taken  of  its  general  con- 
dition and  the  covering  was  partly  or  wholly  removed  to  determine 
the  extent  to  which  it  was  damaged.  Measurements  were  taken 
of  the  amount  and  direction  of  the  final  buckle. 

6.  PHOTOGRAPHIC  RECORDS 

Photographs  were  taken  of  all  columns  after  test  and  also  of  a 
number  of  typical  columns  before  test.  The  views  were  generally 
taken  diagonally  and  from  opposite  sides,  so  as  to  show  all  faces  of 
the  column,  only  one  view  being  as  a  rule  included  in  this  paper. 

X.  RESULTS  OF  FIRE  TESTS 
1.  FIRE-TEST  RESULTS  IN  TABLES  AND  FIOtJRES 

The  results  of  the  fire  tests  in  points  of  time  to  failure,  load 
sustained,  and  relative  fire  exposure  are  given  in  Tables  42a  to  421. 
The  columns  are  grouped  by  classes  of  protection,  and  the  thick- 
ness and  material  applied  in  each  test  are  indicated. 

In  Table  43  (pp.  122-123)  are  given  the  period  of  expansion,  the 
time  to  failure,  and  the  maximum  temperatures  attained  in  the 
metal. 

The  period  of  expansion  of  a  column  when  loaded  and  exposed 
to  fire  is  the  period  from  the  beginning  of  the  test  to  the  time  when 
expansion  of  the  column  ceases,  due  to  yielding  of  the  heated  metal 
under  the  applied  load. 

The  time  to  failure  in  the  fire  test  extends  from  the  b^finning  of 
the  test  to  the  time  when  the  column  is  unable  to  sustain  the 
applied  working  load. 

The  time  to  failure  of  all  columns  in  the  fire- test  series  is  given 
in  diagram  form  in  Fig.  42  (p.  114),  and  the  period  of  expansion 
of  the  steel,  cast-iron,  and  concrete  columns  is  given  in  similar 
manner  in  Fig.  45  (p.121). 

2.  PHOTOORAPHIC  RECORDS 

Views  before  and  after  test  of  the  columns  in  the  fire-test  series 
are  given  in  Figs.  58  to  82,  Appendix  A  (pp.  216-241). 
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TABLB  42a.— BBSUUTS  OF  FXBB  TBSTS 
TTninrot^oted  ^oltitiizui 


Test 
No. 


SECTION 


Nominal  Area, 
Sq.In. 


Loa4  Sustained 
Dur^Test 

Vt 

Time  to 
FaUure, 
Hr— Min. 

Total 

Load, 

Lb. 

Unit 
Load, 
Lb.per 
8q.£i. 

7&8 

llt^ 

11750 

0-iiHC 

111.8 

110000 

8900 

O-iflH 

64.7 

111000 

12650 

0-44 

44.0 

UIOOO 

14250 

0-11 

8L7 

105000 

11250 

0-1^ 

72.1 

122000 

12050 

0-17 

40^7 

122000 

14500 

0-14 

u&a 

124000 

0860 

0-21H 

08.2 

05600 

6600 

0-34K 

08.2 

05500 

0500 

0-34H 

08.2 

08600 

0800 

0-3^ 

08.2 

06500 

0-45H 

03.0 

114500 

0-36 

08.2 

23QQ00 

1-UJi 

Fnmaoe 
Expo* 
sure. 

Percent 


1 

2 

3 

4 

£i 

0 

7 

8 

0 
10 
IQA 
11 

12 


RoUedH 

Plate  and  Angle 

Plate  and  Channel 

Latticed  Channel 

Z-bar  and  Plate 

I-beam  and  Channel 

Latticed  Angle. 

Starred  An^e 

Round  Cast  Iron. 

Round  Cast  Iron 

Round  Cast  Iron 

Round  Cast  IrQn(Cancrete  filled) . 

Steel  Pipe  (Coocrete  fined) 

Reinforced  Steel  Pipe  (Starred 
angles  imbedded  In  concrete 
fiUlbg) , 


iai7 
18.00 

&76 

7.78 

0.32 

iai2 

8.44 

18.27 

14.78 

14.73 

14.46 

14.73 

Steel 

0.03 

Concrete 

38.74 

Steel 

l&dO 

Concrete 

4a  07 


O&O 
07.0 
10L4 
lOLl 
100.0 
80.0 
00.3 
00.0 
101.2 
101.7 
100.3 
103.1 

101.0 
00.8 


NOTE:  Details  of  the  steel,  cast-iron,  and  pipe  cdimms  listed  in  Tables  4^  to  42ff  are  given  in  Figs.  1 
to  4  (p.  16-10),  and  Figs.  0  and  7  (p.  22  and  »).  Further  properties  oC  the  sections  ace  ^ven  in  TaUes  3a 
to  3AQ>.  33-47). 
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TABIS  49b.— BBSXnJTS  OP  FXftB  TB0M 
OoliuDxis  partly  prot«et«d  by  oonerete 


109 


Test 

SECTION 

^Protection 

Age  of 
Cover- 

Days 

Load 
Sustained 

Time  to 

Failure, 

Hr.— Min. 

Fomaoe 
ExpoBure, 
Percent 

No. 

Mixture 

Kind  of  Concrete 

14 

Rolled  H 

1:2:4 
1:2:4 
1:2:4 

1:1H:4H 
1:2:4 
1:3:5 

l-.3:5 

1:3:5 
1:2:4 

Joliet  gravel 

405 
407 
418 
406 
418 
414 

415 

418 
406 

119500 
110600 
118000 
116000 
111000 
106000 

122000 

122000 

119600 

1-04H 
0-48H 

0-41H 
2  —  53 
1-OTH 

5-14 

85.1 

15 

RoDedH 

Roehport  granite. .. . 

New  YoA  trap. 

Hard  coal dnderc... 

NewYorktrap 

Chicago  limietone. . . 

New  York  trap 

New  York  trap. 

Chicago  llmeetone. . . 

0L5 

16 

17 
18 
19 
20 

Piatt  and  Angle... 

Latticed  Channel.. 

2M)ar  and  Plate.... 

I-beam  and 
(^nnet. 

90.0 
96.1 
96.8 

100.  S 

21 

^-ftss^ 

99.6 

22 

Latticed  Angle 

99.S 

*E*«atrant  porttooi  and  interior  flUed  with  concrete. 

TABLE  42o.— BBStTLTS  OF  FIBB  TESTS 
Oolunms  proteeted  by  piaster  on  xnetftl  lath 


.   test 
No. 

SECTION 

ProtectloQ 

Age  of 
Cover- 

Days 

Load 

RnaftAlniMl 

Tim  to 

Failnre, 

Hr.-lfin. 

Fomaoe 

■SS!^. 

Exposure, 
Percent 

23 

Two  2-ooat  layers  of  Portland 
cement  plaster  on  expanded 
metal  lath,  eadi  layer  1  in. 
thick,  witti  a  H-tn*  air  space 
between  layers 

506 

♦117500 

2-52 

108.1 

24 

PlatpandCr**^"'?^'^ 

Two  %c(m%  buyers  of  Portland 
cement  plaster  on  woYdn  wire 
lath,  eaSnaTer  H  in.  thick 
wltha9i4n.alrspaoebetween 
buyers 

498 

lUOQO 

2-24 

101.5 

25 

Z4iar  and  Plate... 

One  2K»at  layer  of  Pqrtlaad  oe- 

484 

106000 

1-<W 

108.7 

26 

Latttced  Angle.... 

One  2-ooat  layer  of  Portland  ce- 
ment plaster,  IHln.  thick,  on 

497 

122600 

1-8% 

lOi.9 

27 

Bomid Cast  Iron.. 

One  2-Qoat  layer  of  Portland  oe- 
mtntplaster,  IH  in.  thici  on 

u!&  with  a  H^b^»n  air 
space 

496 

2-58 

9&9 

•  HiaTisr  load  ussd  as  plate  has  1/38  In.  piater  thiflklMB  tbaii  nMninal. 
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D^ 


Lb. 


4n 


4» 


I    7 

4- 

I 

I    7- 


»H' 


-m4 


-38^  Ml 


111980    »    4  — UHI         m 


J    »  — 44 


18 

ao 

40 

41 

43 
48 
44 
46 
40 
47 


Plmtemad  Channci. . 
PlmteuidCliamML. 


Z-bar  and  Piste — 


Z-bar  and  Piste., 

I-lMiii  And 

Ctaaimel 
I-beam  and 

ChapDri 
Starred  Angle.... 


Bound  Cast  Iron... 


1:8:5 
1:2:4 
1J:5 
1:3:4 
1:2:4 
1:2:5 


Clevdand 
sandstone 

IfcramecB. 
gravel 

NeirYoik 
trap 

Hardooal 


"' 

106000 

4-01 ; 

450 

119S0O 
II31Q0O 

8  —  08 

455 

xmSm 

•  -«M 

452 

iiisoo 

7  —  58 

454 

iiisoo 

7  —  11 

504 

119600 

8  —  07 

445 

110000 

8-5^ 

50S 

110000 

7-8^ 

440 

nusoo 

5-2^ 

436 

niosoo 

8-41M 

501 

lUOOO 

7-57 

451 

lOfOOO 

xsam 

H-3IM 

453 
456 

loiooo 

12X00 

8-UH 
4  —  11 

458 

12X00 

8-0^ 

447 

134000 

1  —  47 

451 

123600 

6-4aM 

446 

06500 

2-48%! 

*  Heavier  load  used  as  plates  have  1/32  in.  greater  thickness  than  nominal. 

1 2-in.  oatside  riveU,  3H-in.  outside  angles. 

i  Load  necessary  to  cansefaifaire  of  column.   After  8  hr.tbe  load  was  Increased  mitflfaflnreoemrred. 
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TABXJC  40e.-^RB9inura  OF  FIBB  TBSTS 
Ck>lujmui  protected  by  hollow  day  tile 


III 


Protection 

SECTION 

Age  of 
Cover* 

Days 

Load 

Sustained 

During 

Test,Lb. 

Failara, 
Hr.-Min. 

Furnace 
Bxposnre 
Percent 

Test 
No. 

Thicfc 
nessof 
Tile,  In. 

Kind  of  Tile,  Filling, 
and  Method  of  Tying 

48 

RdledH 

2 

New  Jersey  semi^flre 
day 

496 

119600 

1  —  50 

100.9 

Nofllling 
Outside  wire  ties 

49 

RoUedH. 

4 

8amea8Na48. 

497 

119600 

1--40 

99.9 

50 

Plate  and  Angle... 

2 

Surface  day,  Boston. . 
Granite  concrete  fill 
Noties 

494 

116000 

l-OSH 

99.8 

6QA. 

Plate  and  Angle... 

2 

Same  as  No.  60 

806 

♦117500 

1-60H 

101.8 

61 

Plate  and  Angto... 

4 

Surf^tce  clay,  Bostoa 
Granite  concrete  mi 
Outside  wire  ties 

,487 

116000 

2-13M 

101,8 

51A 

Plate  and  An^... 

4 

SameasNo.51 

507 

116000 

2-55H 

100.6 

52 

Plate  and  Channel. 

2 

Ohio  shale 

513 

111000 

l-4(^ 

100.2 

53 

4 

SanieasNQ.62........ 

415 

111000 

l-22Ji 

103.0 

54 

Latticed  Channel.. 

2 

Ohto  semi-flTe  day . . . . 
Trap  cQDcrete  fill 
Outside  wire  ties 

489 

111000 

8  -  17H 

lOLl 

55 

Z-bar  and  Plate.... 

3 

Ohio  semi-fire  day 

limestone  concrete  fill 
Outside  wire  ties 

485 

106006 

8-4^ 

99.6 

56 

Z-bar  and  Plate.... 

4 

Ohio  semi-fire  day .... 
limestone  concrete  fiU 
Wire  meih  in  Joints 

.491 

106000 

3  -  »H 

loas 

67 

I-beam  and 
Channel......... 

4 

Surface  day,  Chicago. . 
limestooeconcretefill 
Outside  wire  ties 

m 

122000 

8  —  23 

lOQlO 

58 

I-beam  and 
Channel 

Two  2 

Surface  day.  Chicago. . 
Hollow  tUe  All 
Wire  mesh  in  joints 

502 

122000 

4-3^ 

10L7 

59 

I-beam  and 
Qiannel 

Two  2 

Surface  day,  Chicago. . 
Hollow  tUeflU 
Outside  wire  ties 

490 

122000 

1-33H 

101.2 

«0 

Latticed  Angle.... 

3 

Ohio  seml-flre  day 

Trap    concrete    fill, 

placed  before  tOe  was 

set 
Outside  wire  ties 

487 

122500 

8-0^ 

10QL4 

61 

Latticed  Angle.... 

3 

Ohio  semi-flie  day.... 

Nofllling 

Outside  wire  ties 

501 

122500 

o-sm 

100.8 

63 

Round  Cast  Iron.. 

3 
round 

Porous  semi-fire  day, 
Nmr  Jersey 

483 

96600 

4-llH 

10L8 

Nofilling 
Outside  win  ties 

63 

Round  Cast  Iron. . 

2 
round 

Same  as  No.  62 

493 

96600 

2-67H 

100.6 

76 

RoDedH 

2 

Ohioshale;Ohiosemi- 
flre  day;  semi-fire 
day.  New  Jersey.... 

Wire  mesh  in  joints 
TUe  covered  with  H-in- 
layer  of  gypsum  plas- 
ter 

42 

119500 

4-2^ 

9&1 

77 

PUteandAni^ 

4 

Semi-fire  day,  N.  J.; 

surfaceday,Chicago; 

surface  day,  Boston, 
limestoneconcreteilll 
Wire  mesh  in  Jointo 
Tile  covered  with  f-in. 

layer  of  lime  plaster 

45 

116000 

^-mi 

97.3 

*  Heavier  load  used  as  plate  has  1/32  in.  greater  thickness  than  nominaL 
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TABLE  4af.— BBffCrCTS  OF  FIBE  TBfiTS 

OolmuDB  protected  by  gypeum  block 


Test 
No. 

SECTION 

Thickness 

of  Block, 

In. 

Protection 

Age  of 
Cover- 

^«' 
Days 

Load 
Sustained 
During 
TestTLb. 

Time  to 

Faflore, 

Hr.--Min. 

Furnace 

Kind  of  Block,  lUUng  and 
Method  of  Tying 

Exposure, 
Percent 

64 

M 
«7 

eiA 

Rolled  H.. 

Plate  and 
(Channel 

Latticed 
Channel 

Boiled  H.. 
Rolled  H.. 

Western  gypsum  (solid) 
HoUow  gypsum  block  fill 
Wall  ties  in  Joints 

Western  gypsum  (solid) 
SoUd  Kypmm  Mock  flU 
WaUfies  in  Joints 

Eastern  gypsum  (soUd) 
Poured  gypsum  nil 
Wire  mttlh  in  Joints 

SameasNo.M 

Same  as  No.  M 

002 
006 

403 

401 

110500 

111000 

111000 

119600 
110500 

4-4^ 

2 -an 

2-80 

6-31H 
«-20^ 

104.6 

104.6 

lOLO 

10L2 
90.7 

TABLE  49g.— BB8TJI/rS  OF  FIBB  TESTS 
OolmuDB  protected  by  bziek 


Test 
No. 

SECTION 

Thickness 

of  Brick, 

In. 

FOUng 

Age  of 
Cover- 

Days 

Load 

Sustained 

During 

Test,  Lb. 

T^MtO 

FaUure, 

Furnace 

68 
09 

BoUedH.. 
BoUedH.. 

JW 

^ 

Chicago  comnwn  bflek  fot 

onedMandend 
BriokfiU 

Chicago  conmion  brick  laid 

flat 
Brick  fiU 

502 

119000 
119600 

7-  13« 

1040 
1012 
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TABUS  42h.— BE8XTLT8  OF  FIBE  TB8T8 

Beinforoed  concrete  columns 

Effective  length,  12  ft.,  8  in. 


113 


SECTION 

Outside  Dimensions 
and  Beinforoement 

Concrete 

Age, 
Days 

Load 

Bvot 

tained 

During 

It- 

Time  to 

Furnace 

s? 

Mix- 

ture 

Kind. 

Exposure, 
Percent 

70 
71 
72 
73 
74 

75 

SquareVertieaUy 
Beinforoed 

Square  Vertically 

Bound  Vertically 
Beinforoed 

Bound  Vertically 
Beinforoed 

Hooped  Beinfofoed 
Hooped  Reinforced 

16-in.sauare 

Four  l-m.sq.  bars 

Same  as  No.  70 

17.in.  diameter.... 
Six  1-in.  sq.  bars 

Same  as  No.  72 — 

17-in.  diameter.... 
Six  K-in.  sq.  bars 

""^^"^ 

Same  as  No.  74.... 

1A4 
1A4 
1:2:4 
1:2:4 
1A4 

1:2:4 

Chicago 
limestone 

New  York 
trap 

Chicago 
limestone 

New  York 
trap 

Chicago 

hmestone 

New  York 
trap 

433 
450 
£20 
442 
522 

460 

101000 
t2M00O 

101000 

lonoo 

^260000 

107500 

129000 

J243000 

129000 
tl63000 

8-4(W 
7-22% 

8-04H 

r-67H 

8-OOH 
8 -OIK 

lOLl 
90.2 

102.1 
9&5 
99.5 

100.7 

ILoad  necessary  to  cause  faUure  of  oolnmn.   AfterShr.  the  load  was  increased  until  failure  occurred. 
TABIiB  42i.— BESirLT8  OF  FIBE  TB8T8  / 
Timber  columns 
Nominal  net  section,  11^  by  llj^  in.    Efleotiye  length,  12  ft.,  8H  ^' 


Test 
No. 


Species 


Bearing 
Details 


Protection  of  Column 
and  Cap 


Load 

Sustained 

During 

Teet,Lb. 


Time  to 

Failure, 

Hr.— Min. 


Furnace 
Exposure, 
Percent 


78 

70 
80 

81 


Loiigjeaf  pine, 


LoDgleaf  pine. 
Tiongleaf  pine. 


T.rfy  g1f%f  ptno , 


Douglas  lir. 


Doui^flr.. 


Cast  iron  cap 
and  pintle 


Cast  iron  cap 
and  pintle 

Steelplatecap 
and  timber 
strut 

Steelplatecap 
and  timber 
strut 

Cast  iron  cap 
and  pintle 

Steel  Dlate  cap 
and  timber 
strut 


One  2-coat  layer  of  Portland 
cement  plaster  1  in.  thick  on 
woven  wire  lath,  ^4n.  air 
space.   Age,  80  days 

Unprotected 


One  thickness  of  H-ln*  gypsum 
wall  board  with metaioomer 
beads  nailed  to  column 

Unprotected 


Unprotected. 
Unprotected. 


118500 

118500 
118500 

118500 

118500 
118600 


2-15Ji 

0  —  50 

1  —  13 

0  —  85 

0-45Ji 
0  — 38H 


07.6 

105.2 
103.5 

113.0 

106.e 
106.1 


NOTE:  DetaHa  of  design  Of  reinforoed-ooncrete  and  timber  oolnmns  are  given  in  Figs.  8  to  10  (p.  26-29), 
and  further  details  of  protection  are  given  in  Tables  3f  and  3i  <p.  48-40). 
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Flo.  43. — Time  to  failure  cf  columns  in  fire  test  series 
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Since  a  large  portion  of  the  effects  shown  on  the  photographs  of 
colunms  after  test  is  due  to  the  deformation  and  deflection  taking 
place  at  failin-e,  they  should  not  be  considered  as  representing  the 
condition  of  the  column  or  its  covering  immediately  before  this 
point  was  reached.  The  general  condition  of  the  test  colunms 
near  the  end  of  the  fire  period  is  indicated  in  their  respective  test 
logs. 

3.  FURNACE  TBMPERATURBS 

The  temperatures  of  the  ftunace  in  the  fire  tests,  as  indicated 
by  thermocouples  located  on  two  levels  at  symmetrical  points 
within  the  chamber,  are  given  by  the  upper  curves  in  Figs.  90  to 
141,  Appendix  B  (pp.  249-302). 

(a)  VASIATKMfS  FROM  AVSRAOB  CURVB 

To  obtain  a  measure  of  the  variation  in  furnace  exposure  be- 
tween the  different  tests,  the  area  under  the  average  fmnace  ctu^e 
given  in  Fig.  39,  was  calculated  up  to  the  end  of  successive  inter- 
vals and  compared  with  the  area  under  the  average  ftunace  curve 
for  each  test  up  to  a  point  near  failtu-e.  The  comparisons  are 
given  in  Tables  42a  to  421  as  percentages  of  the  area  tmder  the 
average  curve  of  all  tests. 

4.  COLUMN  TBMPBRATURES 

The  temperatures  attained  in  the  test  columns  and  their  cover- 
ings are  given  by  the  lower  curves  in  Figs.  90  to  141,  Appendix  B. 
The  arrows  on  the  plots  indicate  the  time  of  failtnre  for  each  test. 

(a)  TSBtPBRATURB  VASIATION  OVSR  IXROTH  OF  COlUlflf 

The  highest  temperature  generally  obtained  over  the  middle 
half  of  the  column,  the  loss  of  heat  at  the  ends  due  to  conduction 
tending  to  maintain  a  lower  temperature  in  the  adjacent  portions 
of  the  coliunn.  The  difference  was  seldom  very  large,  and  in  some 
tests,  due  to  local  variations  in  furnace  temperature  or  in  column 
protection,  the  highest  temperattue  was  indicated  by  one  of  the 
end  couples. 

(h)  TBBCPSRATURB  VARIATION  OVBR  CROSS  SBCTION 

The  temperature  variation  laterally  across  the  section  was  quite 
marked  in  all  protected-coliunn  tests,  the  highest  temperatm-e  in 
the  metal  obtaining  almost  invariably  at  the  outer  edges.  In 
Fig.  43  this  variation  is  given  for  some  typical  coliunns  near 
failure. 
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Fig.  43- 


e  9 

Thermocouple  locations 
-Temperature  variation  over  cross-section  of  typical  columns 


The  temperattire  indicated  by  the  couple  in  the  covering  varied 
with  its  distance  from  the  siuf  ace  and  the  character  of  the  covering 
material. 

(c)  DBHTDRATION  POINTS 

In  the  tests  with  concrete  or  gypsimi  protections  and  reinforced- 
concrete  columns,  temperatin-es  ia  the  coliunn  of  about  ioo°  C 
obtained  over  a  considerable  leng^  of  time,  due  to  evaporation 
of  water  in  the  concrete  and  gypsum.  To  less  extent  this  effect 
was  present  in  tests  with  plaster  on  metal-lath  and  concrete-filled 
hollow  clay-tile  protections. 
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5.  LONGITUDINAL  DEFORMATION  AND  AVERAGE  TEMPERATURE 

The  unit  longitudinal  deformation  measured  over  a  37-inch 
gage  length  located  immediately  above  the  midheight  of  the  colimm 
(Fig-  33)  f  together  with  the  computed  average  effective  tempera- 
ture over  the  same  length,  are  plotted  for  a  number  of  fire  tests 
in  Figs.  146  to  171,  Appendix  C  (pp.  307-333)- 

(a)  COMPUTATION  OF  AVBRAOB  BFFBCTIVB  TBBCPBRATURB 

The  relative  location  of  gage  points  and  thermocouple  points 
and  the  temperature  variation  between  the  latter  assumed  in 
calculating  the  average  effective  temperature  in  the  gage  length, 
are  shown  in  Fig.  44  for  the  case  of  the  rolled  H  section.     It  can 


M 


Fig.  44. — Assumed  temperature  variation  between  thermocouple  points 

be  readily  shown  with  reference  to  the  diagram  at  (a)  that  the 
average  temperature  in  the  gage  length  of  the  edge  couples,  iV,  M, 
and  T,  located  in  the  (3)  position,  is  given  by 

0.115  T+ 0.143  -^'^  + 0.742  M  =  Average  (3), 

where  T,  Ny  and  M  are  the  temperatures  indicated  by  the  respec-» 
tive  thermocouples  at  a  given  time.  Similarly  with  reference  to 
the  diagram  at  (6)  it  can  be  shown  that  the  average  temperatmie 
in  the  cross  section  at  a  given  level,  say  at  the  M  position,  is  ex- 
pressed by, 

0.17  (i)  +0.38  (2)  +0.45  (3)  =  Average  M, 

(i),  (2),  and  (3)  being  the  temperatures  indicated  by  thermo- 
couples in  the  respective  positions  in  the  cross  section.  The 
average  effective  temperature  in  the  gage  length  (Av.  G  L)  can 
then  be  obtained  from  the  relation. 
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Average  G  L  -  (^^^ ^  ^)  Average  M. 

For  the  other  structural-steel  sections  the  average  temperature 
at  the  M  or  N  level,  was  obtamed  by  taking  the  siun  of  parts  of 
temperature  readings  of  couples  in  the  (i),  (2),  and  (3)  positions 
as  given  below,  the  derivation  being  similar  to  that  for  the  rolled 
H  section: 

Plate  and  angle  0.33  (i)  +0,38  (2)  +0.29  (3) 
Plate  and  channel  0.20  (i)  +0.27  (2)  +0.53  (3) 
Latticed  channel  0.27  (i)  +0.365  (2)  +0.365  (3) 
Z  bar  and  plate  0.441  (i)  +0.232  (2)  +0.327  (3) 
I  beam  and  channel  0.223  (i)  +0.294  (2)  +0.483  (3) 
Latticed  angle,  test  No.  26  0.484  (i)  +0.35  (2)  +o.i66  (3) 
Latticed  angle,  test  No.  60  0.513  (2)  +0.487  (3) 
Starred  angle,  0.416  (i)  +0.584  (2) 

The  average  temperature  in  the  vertical  plane  was  obtained 
from  the  same  expression  as  that  given  for  the  rolled  H  section  in 
all  cases  except  that  for  the  plate  and  channel  section,  due  to  a 
slight  difference  in  the  relative  positions  of  couples  and  gage 
points,  the  average  temperature  was  given  by — 

O.I22  T  + 0.742  M +0.136  N. 

In  the  case  of  the  cast-iron  and  pipe  columns  the  average  tem- 
peratures plotted  pertain  to  the  outer  surface  of  the  metal.  Read- 
ings obtained  on  the  inside  of  a  niunber  of  the  tmfiUed  cast-iron 
columns  indicate  temperatures  generally  lower  by  5  to  10°  C. 
For  the  reinforced-concrete  columns.  Figs.  169  to  171,  the  tem- 
peratures plotted  are  those  of  the  vertical  reixif ordng  bars. 

The  maximtun  error  involved  in  computing  average  tempera- 
tures by  the  above  method  is  estimated  to  be  within  20®  C  for 
tests  where  the  covering  material  remained  in  place  until  near  the 
time  of  faiitu^.  Where  parts  of  the  covering  fell  oflf,  as  for  tests 
plotted  in  Pigs.  163,  165,  and  166,  the  resulting  local  heating  and 
irregular  temperatiu-e  distribution  introduced  much  larger  errors, 
as  evidenced  by  the  discrepancy  between  the  computed  tempera- 
ture and  the  corresponding  unit  deformation.  For  such  tests  the 
Hmit  of  error  is  probably  as  high  as  50^  C. 
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% 

(6)  DEFORMATION  UHDXR  HBAT  AND  LOAD 

Cte  application  of  working  load  to  the  column  bef<M:e  starting 
the  fire  test,  a  compressive  deformation  resulted^  which  in  a  few 
tests  incteased  sKghtly  dtuing  the  first  part  of  the  fire  period, 
caused  either  by  shrinkage  stresses  set  up  by  dehydration  of  the 
covering  or  by  increased  load  on  the  metal  portion  of  the  coltmm 
resulting  from  cracking  of  the  covering.  As  the  temperature 
increased  the  steel,  cast-iron,  and  reinforced-concrete  coltmms 
expanded  up  to  a  point  where  the  }delding  due  to  the  load  became 
equal  to  or  greater  than  the  thermal  expansion.    (See  curves, 

pp.  308-333)- 

The  unit  expansion  per  degree  C  during  this  period  varied  gen- 
erally between  o.ooooio  and  0.000014  for  the  steel  and  cast-iron 
columns,  the  average  of  the  calculated  values  for  each  of  these 
two  types  of  columns  being  very  nearly  0.0000125.  These  were 
taken  from  room  temperature  up  to  a  point  where  the  rate  of 
expansion  began  to  decrease  rapidly  due  to  yielding  of  the  metal. 
The  total  observed  unit  expansion  up  to  the  point  where  expan* 
sion  ceased  varied  in  the  tests  of  steel  columns  from  0.0044  to 
0.0066,  the  average  being  0.0054.  ^^  the  cast-iron  columns  the 
variation  was  from  0.0060  to  0.0071,  with  an  average  of  0.0064. 
The  lower  values  are  due  mainly  to  local  heating  which  caused 
the  metal  to  yield  over  a  relatively  short  portion  of  the  gage 
length  before  full  expansion  had  been  attained  elsewhere.  The 
columns  tmder  the  lower  unit  loads  generally  attained  higher  ex- 
pansion than  those  more  heavily  loaded. 

In  the  tests  of  reinforced-concrete  colimms  unit  expansions  of 
0.0000095  to  0.0000102  per  degree  C  obtained,  with  values  of 
maximum  unit  expansions  of  0.0023  to  0.0046.  The  point  of  max- 
imum expansion  was  less  sharply  defined  than  for  the  steel  and 
cast-iron  columns,  and  the  expansion  attained  was  lower. 

The  compressive  deformation  taking  place  subsequent  to  maxi- 
mum expansion  varied  in  rate  and  duration  with  the  type  of 
column  and  the  load-canying  capacity  of  the  covering  material. 
In  some  tests  the  total  compression  before  failure  more  than 
equaled  the  previous  expansion. 

In  the  tests  of  timber  columns  slight  expansions  were  noted 
during  the  first  few  minutes  of  the  fire  period,  subsequent  to 
which  the  movement  was  one  of  progressive  depression,  the  prin- 
cipal deformation  occiuring  at  the  bearings  on  the  steel  or  cast- 
iron  cap  introduced  near  the  top  of  the  column. 
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(c)  PERIOD  OF  BXPAN8IOH 

The  period  of  expansion  and  time  to  failure  of  all  columns  in 
the  fire-test  series  are  given  in  Table  43  (pp.  122^123).  A  comr 
parison  is  given  between  the  length  of  the  portions  of  the  test 
period  precedmg  and  following  the  point  of  mayimum  expansion, 
as  also  the  Tnaximum  temperatures  obtaining  at  the  latter  point 
and  at  failtu-e. 

The  period  of  expansion  of  the  steel,  castriron,  and  ccmcrete 
columns  is  shown  in  chart  form  in  Fig.  45. 

id)  MAXIMUM  COLUMIV  TEMPERATURES 

These  are  given  in  Table  43  for  the  point  of  maximum  expansion 
and  the  time  of  failtire,  the  temperatures  being  obtained  from  the 
time-temperature  curves  extended  where  necessary  to  the  lailure 
point  in  the  given  test. 

The  edge  temperature  for  the  structural-steel  coluxnxia  is  the 
maximnm  temperature  indicated  by  the  couple  located  nearest 
to  the  edge  of  the  section  on  any  of  the  four  r^ular  thermocouple 
levels.  For  the  cast-iron  colunms  the  temperatures  given  pertain 
to  the  outer  surface  of  the  metal  and  for  the  reinforced-<:oncrete 
columns  to  the  vertical  reinforcing  bars.  The  edge  temperatures 
given  for  the  timber  columns  were  measured  on  the  metal  cap  at 
the  edge  of  the  column  bearing. 

The  maximum  average  temperatures  for  the  sections  of  the 
columns  having  the  highest  edge  temperatures  were  computed  by 
the  method  given  in  paragraph  5a  above,  the  limits  of  error  in- 
volved being  somewhat  higher  than  for  the  plotted  results,  as 
each  determination  is  based  on  fewer  couple  readings.  In  the  case 
of  the  improtected  and  partly  protected  coltunns,  gypsum-block 
IMX)tections,  and  a  few  of  the  concrete  and  hollow  clay-tile  protec- 
tions the  average  temperatures  are  not  given,  since  the  rapid 
temperature  rise  and  irregular  distribution  obtaining  near  the  end 
of  these  tests  made  the  computed  results  unreliable. 

At  the  point  of  ma-rimum  expan^Qn  the  average  over  the  sec- 
tions having  the  maximum  temperature  varies  for  tests  of  struc- 
tural steel  from  484  to  593®  C  (903  to  1099®  F),  with  an  average 
of  530®  C  (986®  F).  Similarly  at  the  time  of  failure  in  the  fire 
tests  the  computed  values  vary  for  the  given  structural*steel  col- 
unms from  570  to  837°  C  (1058  to  1601®  F),  the  average  being 
668°  C  (1234°  F) .  The  high  temperatures  obtaining  at  failure  in  a 
number  of  the  tests  indicate  that  at  this  point  the  covering  carried 
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Fig.  4$. — Expansion   period    of   steel,    cast    iron,    and    concrete 
columns  in  fire-test  series 
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TABLB  48.— TDCE  TO  FAILTJBB,  FEBIOD  OF  BZPANSIOK  AND 
XAZQCUH  OOLTJMN  TBHPBBATUBBS 


32 

32A 

33 

33A 

34 

34A 

35 

36 

37 


40 

41 

42 

43 

44 

45 

40 

47 

48 

49 

50 

50A 

51 

51A 

52 

53 

54 

55 

50 

57 

58 

59 

60 

01 

02 

03 


2-32 
2-50 
7—60 
7-«) 


5-50 
7-40 
3—10 
O-IO 
3—10 
3-20 
fr-Ol 
7-30 
8-00 
2—50 
2—23 
1—11 
4-55 
»-«3 
l-« 
l-U 
0--65 


2-11 
2-40 
1-^2 
1—17 
»-20 
2-51 
2-30 
2^15 
4-00 
1-25 
1-47 
0—45 
3-00 
2—20 


3-44 

47.4 

N 

047 

608 

B 

722 

085 

4-<J2 

42.4 

H 

570 

480 

N 

736 

050 

*8— OS 

B 

540 
630 
608 

533 
522 
574 

B 
M 
N 

•554 

♦547 
718 

•541 

•8-07>^ 

•532 

7-58 

....^....... 

090 

7-23 

26.6 

N 

571 

542 

N 

732 

700 

•8—07 

N 

B 

539 
008 

527 
571 

N 

B 

•558 

605 

H1A 

7— 34^ 

....^...... 

664 

22.8 

B 

545 

525 

B 

664 

644 

5—28^ 

73.0 

N 

531 

510 

N 

606 

683 

3— IIH 

lao 

58.5 

H 

B 

750 
574 

M 

704 
881 

""mo*"" 

*'"©7"" 

•S— 24>i 

N 
B 
N 

627 
553 

001 

490 
526 
663 

N 
B 
N 

•601 

<«60 

700 

•535 

•8— IIH 

•535 

4-11 

....... ^.... 

724 

3-04H 

28.8 

N 

902 

520 

N 

727 

077 

1—47 

5.9 

B 

510 

510 

B 

575 

570 

tm 

30.8 
37.2 
19.0 

N 
N 
H 

543 
508 

542 

N 
N 
M 

005 
710 
047 

CSo 

'""s^"'" 

**"636"" 

1—10 

23.4 
19.5 
14.9 

4.8 

B 

N 

501 
082 
005 
017 

H 
N 

B 
N 

054 

775 
778 
070 

2— 17M 

""m"" 

""obV"" 

9.7 

N 

000 

549 

N 

078 

022 

1—40^ 

9.5 

N 

520 

407 

N 

503 

570 

1—22^ 

0.8 

N 

580 

535 

N 

050 

003 

3-17K 

40.9 

B 

543 

403 

B 

820 

704 

3    46^ 

32.0 

M 

684 

527 

M 

880 

002 

3-33H 

42.3 

M 

643 

564 

M 

795 

732 

3—23 

sa4 

N 

740 

508 

T 

804 

755 

4—35^ 

14.9 

T 

624 

523 

T 

714 

501 

Jzgg 

ia3 

77.0 

•  n"' 

"561"" 

'""ssi"" 

— jj  — 

*'*756" 

*'*'737'*** 

0-50H 

11.7 

N 

585 

571 

N 

638 

025 

4— im 

39.7 
26.8 

M 
N 

584 
598 

s 

760 
780 

2-51H 

•Column  loaded  to  failure  after  $>hr.  fire  exposure* 
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TABLB  48.— TIME  TO  FAILTJBB,  PBBIOD  OF  EXPANSION,  AND 
MAXTMUM  COLUMN  TEMPBBATT7BE8— Conduded 


Period 
of 

Time 

Differenoe. 
Percent  0/ 

MaTtmum  Obeerred  Tttnpenture  in  Metal,  Deg.  C. 

Tait 
No. 

At  End  of  Szpanslon  Period 

At  Failure 

Period 

Couple 
Level 

Edge 

Average 

Coaple 
UiwA 

Edge 

Average 

7e 

77 
M 

3-4& 
4-10 
4-82 
2^20 
2-« 
5-01 
ft-45 
1—10 
5-30 
fr-OO 
2-« 
5-00 
4—10 
5-50 
4-50 

0^ 

0-15^ 

a-38H 

l&O 

12.9 

4.1 

LI 

2.6 

lai 

11.4 
4S.9 
8L8 

N 
N 

I 

T 
N 

653 
600 
513 
479 
463 
406 

504 
558 

N 
B 
T 
N 
T 

663 
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«  Column  loaded  to  failure  after  8-hr.  fire  exposure.   H.  tcmparature  measured  on  metal  cap  at  edge 
of  timber  odumn  bearing. 

a  large  proportion  of  the  applied  load.  The  same  effect  appears 
to  have  influenced  to  much  smaller  extent  the  temperatures 
attained  at  the  point  of  maximum  expansion. 

The  surface  temperatures  at  failure  and  at  maximnm  expansion 
in  the  tests  of  cast-iron  columns  were  on  the  average  about  70®  C 
(126®  F)  higher  than  the  average  over  the  section  for  structural- 
steel  columns  at  the  given  stages  of  the  test. 

6.  TOTAL  VERTICAL  DEPORMATION 

(a)  BBVORB  FAILURE 

Measurement  of  the  movement  of  the  head  of  the  loading  ram 
was  made  for  a  number  of  columns  as  described  in  Sec,  VIII,  para- 
graph 4,  and  the  results  are  plotted  in  Figs.  46  and  47.  An  ap- 
proximate measure  of  the  total  expansion  and  depression  was  also 
obtained  from  the  card  of  the  indicator  (Sec.  VI,  par.  36)  mounted 
on  the  control  board. 

The  total  expansion  of  the  steel  columns  varied  ftom  ]/i  to  yi 
inch  and  of  the  cast-iron  colimms  from  i  to  >^  inch,  the  lower 
values  being  due  to  local  heating  caused  by  impairment  of  the 
covering  over  a  short  length,  which  induced  failure  while  other 
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portions  of  the  column  were  at  much  lower  temperature.  The 
expansion  of  the  reinforced-concrete  columns  was  about  one-half 
that  of  the  cast-iron  columns. 

The  depression  of  the  top  of  the  timber  columns  is  given  in 
Fig.  47.  These  deformations  were  due  mainly  to  crushing  of  the 
wood  at  the  metal  cap,  the  heat  conducted  by  it  into  the  bearing 
causing  a  large  reduction  in  the  c(5tnpresrfve  strength  of  the  wood 
in  contact  with  it. 

(f)  AT  VJOLXJKB 

With  the  setting  used  for  the  cut-oflF  valve  of  the  cylinder,  the 
resulting  downward  movement  at  failtu'e  varied  between  2>^  and 
3)4  inches.  As  given  on  the  indicator  card,  from  >^  to  2j4  inches 
of  this  travel  was  made  tmder  nearly  full  pressure.  The  indi- 
cated pressure  in  the  cylinder  at  the  end  of  the  travel  varied  from 
%  to  }4  oi  the  original  pressure  in  tests  with  steel  coliunns  and 
some  of  the  cast-iron  colunms.  In  the  case  of  the  cast-iron  col- 
umns that  broke  before  the  end  of  the  travel  and  of  the  rein- 
forced-concrete  coltimns  that  failed  under  working  load,  the 
pressure  indicated  immediately  before  the  valve  cut  off  was  less 
than  yi  of  the  original  pressure, 

7.  LATERAL  DEFLECTION 

(a)  BBFORB  FAILURB 

The  center  deflections  observed,  where  large  enough  to  have 
any  bearing  on  the  manner  of  failure  of  the  column,  are  noted  in 
the  respective  test  logs.  In  most  tests,  decided  deflection  did  not 
b^n  tmtil  after  the  point  of  maximum  expansion  was  passed. 
The  deflection  observed  at  the  last  reading  before  failure,  varied 
for  different  tests  from  less  than  yi  to  2}4  inches.  In  almost  all 
cases  the  direction  of  the  deflection  before  failtu'e  was  the  same  as 
that  of  the  final  buckle.  Initial  general  bends  up  to  ^^  of  an  inch 
appear  to  have  had  no  influence  on  the  direction  of  the  deflection 
of  the  column  either  before  or  at  failure. 

The  maximum  meastu-ed  deflections  of  the  reinforced-concrete 
colunms  before  the  end  of  the  S-hoiu-  fire  period  varied  from  less 
than  yi  to  yi  of  an  inch. 

(5)  DBILBCTIOH  AT  FAILURX 

The  maximum  deflections  at  failiwe  of  the  steel  columns  as 
measured  after  they  were  taken  out  of  the  ftumace,  varied  from 
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less  than  i  to  15^  inches.  The  smaller  deflections  obtained  in 
tests  where  the  failure  was  due  to  local  buckling  of  individual 
section  members  or  by  direct  crushing.  The  sections  that  gener- 
ally failed  locally  were  the  plate  and  channel  section  and  the 
latticed  sections,  although  the  other  sections  developed  this  typt 
of  failure  when  exposed  to  local  heating.  The  large  deflections 
were  coincident  with  more  nearly  uniform  heating  and  failure 
with  deflection  of  the  column  as  a  whole.  The  direction  of  the 
deflection  conformed  quite  uniformly  with  the  line  of  least  rigidity 
of  the  section.  The  strains  at  failure  caused  the  thinner  plates 
and  section  members  to  buckle  between  rivet  points.  The  rivets 
were  seldom  found  to  have  sheared. 

The  cast-iron  columns  usually  failed  by  breaking  at  one  or 
more  points.  The  cturvatture  of  the  pieces  indicated  that  deflec- 
tions of  over  9  inches  had  been  sustained  before  fracture  occurred. 
In  a  few  cases  loading  was  discontinued  after  the  column  failed  to 
sustain  working  load  and  before  fracture  occurred,  with  resultant 
deflections  of  3  to  5  inches. 

The  failure  of  the  reinforced-concrete  columns  was  due  to  local 
crushing  and  shearing  and  developed  little  deflection  of  the  column 
as  a  whole. 

The  failure  of  the  timber  columns  with  the  steel  plate  cap  and 
timber  strut  bearing  was  accompanied  by  lateral  slipping  of  the 
cap  on  its  bearings  due  to  the  softening  of  the  wood  immediately 
adjacent  to  them.  In  the  case  of  the  timber  columns  with  cast- 
iron  cap  and  pintle  bearing,  the  immediate  cause  of  f ailiu'e  was 
fracture  of  the  cap.  In  both  cases  the  deformation  in  the  wood 
at  the  cap,  before  slipping  or  fractiu-e  of  the  latter,  was  so  large  as 
to  constitute  a  near  equivalent  of  the  ensuing  failure. 

8.  LOG  OF  FIRB  TESTS 

The  log  of  the  tests  includes  visual  observations  during  the  test, 
the  time  of  maximum  expansion,  the  time  of  failiu*e,  and  effects 
at  failture.  The  latter  was  usually  accompanied  by  general  or 
local  buckling,  the  point  of  maximum  lateral  deflection  being  in 
or  near  the  most  highly  heated  r^on  of  the  column. 

The  references  after  each  test  give  in  order  the  figure  number 
of  the  corresponding  column  views,  time-temperature  curves,  the 
deformation  and  average  temperature  curves. 
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(a)  UNPROTBCTBD  COLUMNS 

T9St  No.  z.  Kou^Ep  H. — 7  mios.^trace  of  color  on  flange  edges.  8  mins.— mazir 
mum  expanstcm.  lateral  deflection  at  middle  of  column,  >i  i|i.  to  west,  in^reasiiig 
to  }i  in.  Sit  io>^  mins.  iiX  mins. — ^failure  witli  buckling  to  west,  maximum  at  4K 
ft.  above  base.    (l^gs.  58,  90,  and  146.) 

TbstNo.  3;  F^TR  AND  A^oi<B.-r^nms.r'>-traoecf  color  on  flaosebij^it^^ 
to  cheny  ted  at  15  mins.    17  mins. — maximuxz^  expansion.    j6  mins. — deflection  }i 
in.  to  east,  increasing  toJ/i'm,SLt  18K  min3.  i9>i|  mins. — failure  with  buckling  to  east, 
maximum  at  sH  ^t.  above  base.    (Figs.  58,  90,  and  146.) 

Test  No.  3.  Plate  and  Channel. — ^to  mins.->trace  of  color  on  flaagea.  zi  mins. 
— maximtmi  expansion.  Z4  mins. — failure  with  buckling  to  west,  maximum  at  7X  ft. 
above  base.    Column  low  cherry  red  in  color.    (Figs.  58,  90,  and  Z46.) 

Test  No.  4.  I/ATTiced  Channel. — 9  mins. — maximum  expansion.  10  mins.-- 
trace  of  color  on  flange  edges  and  web.  11  mins. — failure  with  buckling  to  east,  maxi- 
mum at  3K  ft-  above  base.    (Figs.  58,  90,  and  Z46.) 

Test  No,  5.  Z  Bar  and  Plate. — 9  mins. — deflection  of  yi  in.  north  increasing  to 
}i  in.  north  at  ii>^  mins.  10  mins.— dull  red  color  noted.  11  mins. — maximum  ex- 
pansicm.  14X  mins. — failure  with  buckling  to  north,  maximum  at  6  ft.  above  base. 
(Figs.  58,  91,  and  146.) 

Test  No.  6.  I  Beam  and  Channel. — 8  mins. — no  deflection.  10  mins. — trace  of 
color  on  flanges.  13  mins. — maximum  expansion.  16  mins.—deflection  of  K  ^* 
north.  17  mins. — failure  with  buckling  to  north,  maximtmi  at  5K  ft-  above  base. 
(Figs.  59  and  91.) 

Test  No.  7.  Latticed  Angle. — 10  mins. — ^trace  of  color  noted  in  lattice,  zz  mins, 
— maximum  expansion.  14  mins. — ^failure  with  local  buckling  in  each  angle  from 
8  to  zo  ft.  above  base.    (Figs.  59  and  91.) 

Test  No.  8.  Starred  Angle. — 13K  mins. — deflection  of  yi  in.  northeast,  incieas* 
ing  to  fi  in.  north  at  z8^  mins.  Z5  mins. — traces  of  colftH*  increasing  to  zed  at  z8  mins. 
Z9  mins. — ^maximum  expansion.  2z>^  mins. — failure  with  buckling  to  north,  maxi- 
mum at  5  ft.  above  base.    (Figs.  59  and  9Z.) 

Test  No.  9.  Round  Cast  Iron,  ends  restrained. — z8  mins.— traces  of  color 
increasing  to  bright  red  at  32  min.  24  mins. — maximum  expazision.  a6  mins,— de- 
flection of  yi  in.  west,  increasing  to  z  in.  west  at  3Z  mins.  34^^  mins. — failure,  buckling 
to  west  and  breaking  at  1J/2,  5,  and  zz  ft.  above  base.  Thinnest  metal  on  southeast 
side.    (Figs.  60,  92,  and  147.) 

Test  No.  zo.  Round  Cast  Iron. — ao  mins. — dull  red  color  increasing  to  cherry 
red  at  28  mins.  23  mins. — maximtun  expansion.  26  mizis. — deflection  of  yi  in.  north- 
west, increasing  to  >^  in.  west  at  31  mins.  34K  mins. — failure,  buckling  to  southwest 
and  breaking  about  5  ft.  above  base.  Thinnest  metal  on  northeast  side.  (Figs.  60, 
92,  and  Z47.) 

Test  No.  zoA.  Round  Cast  Iron.— a6  mins.— no  color  noted.  Deflections  not 
measured.  22  mins,— maximum  expansion.  34X  mizis.— failure,  buckling  to  north 
and  breaking  in  two  about  5  ft.  above  base.  Coltunn  glowizig  red.  (Figs.  60,  92, 
and  Z47.) 

Test  No.  zz.  Round  Cast  Iron,  concrete  pilled*— 33  mins.— traces  of  ookv 
increasing  to  dull  red  at  39  mins.  27  mins. — maximum  expansion.  3Z  mizis. — deflec- 
tion of  ^  in.  west,  increasing  to  lyi  in.  west  at  41  mins.  4$yi  mins. — failure,  buck- 
ling to  west  and  breaking  in  two  about  5  ft.  above  base.  Thinnest  metal  on  north  side 
of  section.    (Figs.  60,  92,  and  Z47.) 
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T88T  No.  19.  Stsbl  Pips,  concrbts  fillbd.— 14  mina.— maximum  expansion, 
ax  mins. — traces  of  color  increasing  to  cherry  red  at  39  mins.  19^  mins.— deflection 
of  >^  in.  northeast,  increasing  to  f<  in.  northeast  at  31  mins.  36  mins. — failure,  buck- 
lifl«  to  northeast,  maximum  at  6K  ft.  above  base.    (Figs.  60,  93,  and  147.) 

Tbst  No.  13.  RsiNVORCBD  Stssl  Pipb,  concrete  villed.— 15  mins.— traces  of 
odor  increasing  to  bright  red  at  38  mins.  59  mins.— maximum  expansion.  4  mins. — 
slight  deflection  to  northwest  noted,  increasing  to  f<  in.  at  99  mins.,  xH  in.,  at  i  hour, 
and  sfi  in.  northwest  at  i  hr.,  8  mins.  x  hr.  i  xK  mins.— failure,  buckling  tonorthweit, 
maodmum  at  6  ft.  above  base.    (Figs.  60  and  93.) 

(ft)  PARTLY  PROTBCTSD  COLUMNS 

Test  No.  14.  Rolled  H,  i  : 9 : 4  Jouet  gravel  concrete.— No  cracks  or  spall- 
ing  noted  in  concrete  before  failure.  45  mins. — maximum  expansion.  95  mins. — 
slight  deflection  to  west  noted,  increasing  to  X  i°-  ^t  46  mins.  i  hr.  4>^  mins. — 
failure,  buckling  to  west,  maximum  at  7  ft.  above  base.  Loud  report  at  failure 
probably  due  to  failure  of  concrete  in  compression. 

After  failure. — Concrete  generally  loose,  due  to  large  deflection  at  failure;  no  marked 
heat  or  dehydration  effects.  Two  pieces  of  concrete  filling  3f<  by  7^  by  10  in.  tested 
on  end  three  weeks  after  the  %r^  test  gave  ultimate  compressive  strengdis  of  1440  and 
x8oo  lb.  per  sq.  in.,  respectively.    (Figs.  61  and  94.) 

Test  No.  X5.  Rolled  H,  x  :  9 : 4  granite  concrete. — 95  min.— fine  horizontal 
cracks  appeared  in  concrete  on  west  at  center.  30  mins. — cracks  on  west  opening  up 
and  extending,  column  otherwise  unaffected;  steel  dull  red.  40  mins. — maximum 
expansion.  No  spalling  before  failure.  94  mins. — slight  deflection  to  west  noted, 
lncrea»ng  to  >^  in.  at  36  mins.  48K  mins. — failure,  buckling  to  west,  maximum 
at  ^}4  ft.  above  base. 

AfUf  failure. — Concrete  generally  loosened,  this  probably  occurring  at  failure. 
Piece  of  filling  tested  9  days  after  the  fire  test  had  ultimate  compressive  strength  of 
960  lb.  per  sq.  in.     (ngs.  61  and  94.) 

Test  No.  x6.  Plate  and  Angle,  1:9:4  trap  concrete. — ^40  mins. — steel  flanges 
dun  red.  Maxxmum  expansion.  No  cracks  or  spalling  noted  in  concrete  before 
failure.  36  mins. — deflection  of  >^  in.  to  east.  44^^  mins. — failure,  buckling  to  the 
east,  maxxmtun  at  5K  ft*  above  base. 

After  failure. — Concrete  cracked  and  loose  in  several  places.    (Figs.  61  and  94.) 

Test  No.  17.  Plate  and  Angle,  i:iH'4H  cinder  concrete.— 38  mins. — 
flanges  of  angles  dull  red.  40  mins.— maximum  expansion.  41  mins.— no  cracks 
or  QMdling  of  concrete.  41H  mins.— lailure,  buckling  to  east,  maximum  at  5  ft. 
abav^  base. 

After  faOMfe.'—Qancnitt  cracked  at  points  of  maximum  flexure  and  had  fallen  out 
to  a  depth  of  x  in.  in  places.    (Figs.  6x  and  94.) 

Test  No.  18.  Latticed  Channel,  1:9:4  trap  concrete.— 15  mins.— traces  of 
oolor  showing  in  concrete  and  all  surfaces  glowing  at  30  min.  9  hrs. — maximum  ex- 
pansion. 9  hrs.  45  mins. — several  vertical  cracks  }i  in.  wide  and  about  18  in.  long 
on  east  and  west  sides,  mostly  in  lower  half;  concrete  bulged  out  }^  to  ^  m.  at 
cracks.  2  hra.  53  mins.— lailtue,  with  local  buckling  of  dumnels  about  3K  ^*  above 
base. 

i4/l^/a»li«f».— Concrete  in  channels  cracked  along  flanges  in  lower  half  and  quite 
crumbly;  concrete  in  upper  half  quite  firm.  A  piece  of  concrete,  fiUing  the  space 
between  the  channels  near  the  middle  of  the  column.  5K  by  9K  hy  14  in.  was  tested 
on  end  34  days  after  the  fire  test  and  developed  an  ultimate  compressive  strength  of 
577  lb.  per  sq.  in.    (Figs.  61  and  95.) 
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Tbst  No.  19.  Z  Bar  and  Plats,  1:3:5  lmbstonb  concrktb.— 20  mins.— tiaccs 
ol  color  in  steel  increasmg  to  cherry  red  at  40  min.  50  min8.-*coiicrete  flowing.  Very 
little  cracking  of  concrete  before  failure,  i  br. — maximtim  expantirm.  35  mins. — 
deflection  oi}4in,  north,  increasing  to  i}i  in.  at  z  hr.  4  mins.  z  hr.  7X  mins.^failiife, 
buckling  to  north,  maximum  at  7  ft.  above  base. 

After  faUwrtj-^CoDcnibt  generally  loose  from  steel  on  north  and  sooth  sides,  standing 
out  to  ^  in.  in  places.  A  few  horizontid  cracks  in  the  oonccete  were  present  on  the 
east  and  west  sides.  A  piece  of  filling  iiX  in.  long  tested  14  days  after  the  fife  test 
developed  ultimate  compressive  strength  ol  730  lbs.  per  sq.  in.    (Figs.  6a  and  96.) 

Tbst  No.  20.  I  Bbam  and  Channbl,  1:3:5  trap  concrbtb.— ^4  mins.— trace  ol 
color  on  steel  flanges.  36  mins. — color  in  concrete.  40  mins. — flanges  dull  red.  60 
mins. — concrete  and  eiq)osed  steel  bright  red.  z  hr.  8  mins.-^no  cracks  or  sgal\mg 
of  concrete,  z  hr.  zo  mins. — maximum  expanwon.  z  hr.  24^^  mizis. — failuze>  buck* 
ling  to  south,  maximum  at  6  ft.  above  base. 

After  failure. — Concrete  remained  in  place  except  where  crushed  at  middle,  top, 
and  bo^om.    Rivet  heads  probably  helped  to  hold  it.    (Figs.  62  and  96.) 

Tbst  No.  2z.  I  bbam  and  Channbl,  z:3:5  trap  concrbtb.— 38  mins.— traces  of 
color  on  steel  flanges,  z  hr.,  zo  mins. — maximum  expansion,  z  hr.  20  mins. — no 
cracks  or  spallizig  of  concrete.  Steel  flanges  dark  red,  concrete  bright  red.  z  hr. 
siK  mins. — failure,  buckling  to  ziorth,  maximum  at  6  ft.  above  base. 

After  failure, — Concrete  reznained  in  place  except  where  crushed  at  failure.  (Figs. 
62  and  96.) 

Tbst  No.  22.  Latticbd  Anglb,  z:2:4UifBSTONB  concrbtb.— 25  mizis.— concrete 
glowing  on  comeiB;  a  number  of  fine  cracks  noted  on  all  faces,  z  hr.  40  mins. — maxi- 
mum expansion.  3  hrs.— surface  of  column  glowing  at  white  heat.  4  his.  50  mins. — 
laige  vertical  cracks  appeared  under  brackets  near  top.  Very  little  cracking  or  q>all- 
ing  of  concrete  before  failure.  5  hrs.  Z4  mins.— failure  with  local  buckling  of  steel 
and  crushing  of  concrete  about  z  z  ft.  above  the  base.  Unprotected  brackets  probably 
caused  failure  at  this  point  by  conducting  heat  into  angles. 

After failufe, — Except  at  point  of  failme  concrete  did  not  appear  greatly  damaged, 
limestone  calcined  to  depth  ol  z  in.,  and  one  znonth  after  test  the  whole  exterior 
concrete  had  become  loose  due  to  air  slaking  ol  the  lime.  From  temperature  of  steel 
at  3  hrs.  it  is  piobable  that  the  concrete  carried  most  of  the  load  after  this  time.  (Figs. 
62  and  95.) 

(c)  plaster  on  BfSTAL-LATH  PRGTECTIGNS 

Tbst  No.  23.  Platb  and  Anglb,  two  z-in.  i^ybrs  op  Portland-cbmbntplastbr 
ON  bxpandbd  mbtai*  lath. — 12}4  mins.— distinct  thud  heard  caused  by  faihiie  ol 
covering  due  to  expansion;  plaster  cracked  and  spalled  on  all  faces  at  top  of  column 
near  bottom  of  bracket.  23  mins.  to  z  hr.  Z5  mins.— «>me  six  or  eight  fine  vertical 
and  horizontal  cracks,  3  to  8  in.  long,  appeared  on  east,  south,  and  west  sides  from  x 
to  8  ft.  above  base.  Very  little  change  up  to  failure,  except  that  all  cracks  opened 
up  slightly.  2  hrs.  30  mins. — ^maximum  expansion.  2  hrs.  4X  mins. — deflectian  ol 
}i  in.  northwest,  increasing  to  z  in.  west  at  2  hrs.  5Z  mins.  a  hrs.  52  mizis.— <aihire» 
buckling  to  west,  maxiznum  at  j}4  ft.  above  base. 

After  failure, — ^Plaster  of  outer  layer  dehydnted  and  both  outer  and  izmer  layets 
very  crumbly.    Both  layeiB  fairly  well  keyed  to  lath.    (Pigs.  63,  97,  and  Z48.) 

Tbst  No.  24.  Platb  and  Channbl,  two  >i-iN.  laybrs  op  Portlani>-cbicbnt 
PLASTBR  ON  wovBN  wiRB  LATH. — 8K  mizis.— distinct  thud  heard;  plaster  cracked 
and  spalled  on  all  faces  at  bottom  <rf  bracket  exposing  lath  on  cocnen.  Z4  mizis.  to 
I  hr.  45  mins. — some  Z5  fine  vertical  cracks,  3  to  8  in.  long,  appeared  on  all  sides 
near  comeis.  2  his. — maximum  expansion.  2  hzs.  Z5  mins. — very  little  change 
except  some  cracks  opened  up  to  >^  in.  2  his.  24  mins.— failure,  with  local  bucklizig 
about  6  ft.  above  base. 
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After failute. — Outer  layer  of  plaster  dehydrated;  inner  layer  fairly  hard  except  at 
failure  poiBt.    Plaster  well  keyed  to  lath.  (Figs.  63, 97,  and  148.) 

TBST  No.  35.  Z  BAR  AND  PLATS,  ONB  I-IN.  LAY8R  OF  PORTLAMX>-€BlfBMT  PU^TSR 

ON  BXPANDSD  MBTAL  LATH. — lo  mins.— slight  noise  heard;  plaster  cracked  and  spalled 
on  all  sides  under  bracket.  48  to  54  mins.— ^fme  vertical  cracks  noted  on  all  faces 
near  comeri,  opening  up  slightly  toward  end  of  test.  57  mins.— maximum  expan- 
skm.  41  mins.— slight  deflection  to  north  noted,  increasing  to  K  ui.  at  z  hr.  z  min. 
z  hr.  ^yi  mins.— failure,  buckling  to  north,  maximum  at  5K  ^*  above  base. 

Afi€ff<dlwre. — Plaster  f^ipeaied  to  be  in  fairly  f^ood  condition  and  was  quite  hard, 
except  where  crushed.  Plaster  well  keyed,  covering  inner  face  of  lath.  (Figs.  63*  98, 
and  149.) 

TssT  No.  s6.  lAvnaoi  Angus,  on«  x>f-iN.  laybr  of  PosTLAND-cBMSNy  plasibr 
ON  BXPANDSD  METAL  LATH. — lo  to  17  mius. — cracking  and  some  spalling  of  plaster  on 
bracket,  ao  mins.  to  i  hr.— some  X5  fine  vertical  cracks,  6  to  za  in.  kmg,  appeared 
near  comerson  all  sides;  also  horizontal  cracks  near  bottom.  Before  failure  bracket 
cracks  had  opened  1^  to  K  ^*  ^oid  otheis  nearly  ^  in.  z  hr«  10  mins.— maximum 
expansion,    z  hr.  a^yi  mizis. — failure,  with  local  buckling  about  6  ft.  above  base. 

After  faih»f€, — ^Very  little  strength  in  plaster,  very  crumbly.  Keys  coveied  lath 
on  inside.    K  ui.  air  apace  between  plaster  and  angles.    (Figs.  63,  9S,  and  Z49.) 

Tb8T  No.  27.  Round  Cast  Iron,  ons  zX-ik*  lavbr  of  Portland-csmbnt  plaatsr 
ON  moH-RiBBSD  1I8TAL  LATH. — z8  mins.— "Vertical  and  horinmtal  cracks  under 
bracket,  z  hr.  40  mins.  to  a  hn.  5  mins.— several  fine  vertical  and  .horizontal 
cracks,  3  to  za  in.  kmg,  mostly  near  middle,  a  his.  zz  mins. — maximum  expansion, 
a  hzB.  50  mins.— cracks  opening  up  to  ><  in.  a  hrs.  30  mins.— slight  deflection  to 
southwest  noted,  increasing  Xoy^  m,^  2  his.  5z  mins.,  and  i^  hi.  southwest  at  a 
hrs.  56  mins.    a  hrs.  58  mins.— failure,  buckling  to  southwest  and  breaking  about 

6  ft.  above  base. 

After  failure. — Plaster  fairly  hard  where  not  crushed.  Plaster  pushed  through  to 
iron  except  at  ribs;  average  thickness  of  plaster  zK  hi.  (Figs.  63, 98,  and  Z49.) 

(d)  CONCRBTB  PROTECTIONS 

TbstNo.  a8.  RoLLBD  H.  a-iN.  z:3:4  limbstonb  concrbtb. — 30  to  45  mins.— a 
few  fine  vertical  cracks  at  middle  and  top  of  east  face  opening  up  slightly  toward 
failure.  No  spalling  before  failure.  3  his.  30  mins. — maximum  expansion.  6  hrs. 
33f^  mins.^ — failure,  buckling  to  west,  maximum  at  6}4  ft.  above  base. 

i4/fof/ot^iMv.— Concrete  fairly  hard  althou^  calcined  on  surface.  Flanges  exposed 
at  middle  and  flange  edges  exposed  at  several  points,  this  all  occurring  at  failure. 
Wire  tie  not  broken.    (Figs.  64  and  99.) 

Tbst  No.  a8A.  RoLLBD  H.  s-iN.  z:a:4  umbstonb  concrbtb.  not  ttod.— a  hrs. 
55  mizis.  to  3  hrs.  33  mins.  several  fine  vertical  cracks  3  to  za  in.  long  and  about 
3  in.  fiom  oomen  appeared  on  east  and  west  faces.  No  spalling  or  other  effects  noted 
before  failure.  3  hzs.  3Z  mizis.— maximum  expansion.  5  hrs.— slight  deflection  to 
west  noted,  increastzig  to  X  in.  at  6  hrs.  a  mins.,  and  z>^  in.  west  at  7  hrs.  a  mins. 

7  hrs.  9X  mizis.— failure,  buckling  to  west,  maximum  6f<  ft.  above  base. 

After  failure. —Canctttt  surface  fakly  firm  although  discoloration  and  calcination 
extend  to  depth  of  z  in.  Concrete  fell  off  at  failure,  exposing  about  one-half  of  area  of 
sleel  flanges.    (Figs.  64>  zoo,  and  Z50.) 

TBSTNo.a9.  RollbdH.  a-m.  z:a  24  trap  concrbtb.— somins.  to  3  hrs.  50  mins.— 
several  fine  vertical  and  horizontal  cracks  appeared  on  east  and  west  faces,  which 
became  larger  near  failure.  No  q>alling  or  other  effects  noted  before  failure.  3  hrs. 
Z5  mins. — Maximum  expansion.  3  hrs.  30  mins. — slight  deflection  to  west  noted, 
increasing  toJ^m.Bt^  hrs.  a  mins.,  and  zK  u^-  west  at  4  hrs.  3a  mizis.  4  hrs.  38>^ 
mins.— failure,  buckling  to  west,  maximum  at  $}^  ft.  above  base. 
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A/Uf  failure. —Svaf ace  of  concrete  reddish  in  color.  No  fusion  noted.  Concrete 
fell  off  at  failure  exposing  flange  for  iK  ^t.  on  south  side  and  flange  edges  at  other 
points.    Wire  tie  not  broken.    (Pigs.  64,  lox,  and  251.) 

T«ST  No.  30.  RoiXBD  H.  a-iN.  1:2:4  JouBT  ORAVBL  CONCRBTB.— 37  mins.— fine 
cracksnoted  in  brackets.  3  hra.  4  mins.  to  5  hfs.  5  mins.— a  number  of  fine  cracks,  2 
to  la  in.  long,  mostly  vertical  and  mar  edges,  appeared  on  east  and  west  faces  open- 
ing up  to  ^  of  an  in.  near  end  of  test  in  some  cases.  No  ^Mdling  before  failure.  3hri. 
45  mins.— maximum  expansion.  6  hfs.  40  mins.— slight  deflection  to  east  noted, 
increasing  to  ^  in.  at  7  hrs.  9  mins.  7  hfs.  z6  mins.^ — failure,  buckling  to  east,  maxi- 
mum at  $)4  ft.  above  base. 

Afterfailure,— Concrete  on  surface  fairly  hard  after  test,  but  disintegrated  in  30  days 
due  to  air  staking.  Flanges  and  flange  edges  exposed  in  places  due  to  spalling  of  con- 
crete at  failure.     (Figs.  64  and  loa.) 

Tbst  No.  31.  RoixBD  H.  2-IN.  2:2*4  sandbtonb  concrbtb. — 28  mins.  to  1  hr.  5 
mins.— vertical  cracks  appeared  on  east  and  west  faces  about  3  in.  from  edges,  running 
nearly  full  length  of  column,  opening  up  in  places  to  yi  in,;  also  a  few  fine  vertical 
cracks  on  north  and  south  faces  in  lower  half.  45  mins.— southeast  comer  q>alledoff 
3  in.  deep  from  3  to  6  ft.  up,  exposing  edge  of  steel,  i  hr.  5  mins.  to  3  hrs.— vertical 
cracks  at  comerB  became  continuous,  opening  up  to  -^^  in. ;  cancrete  on  southeast  and 
southwest  oomen  generally  spalled  off  or  loose  in  lower  half ,  exposing  edges  of  flanges 
in  places.  Very  little  change  to  failure  except  for  minor  cracking  and  qMdling.  2 
hrs.  46  mins. — maximum  expansion.  2  hrs. — slight  center  deflectum  to  northwest 
noted,  increasing  to  ^  in.  at  3  hiB.  x  min.,  and  2^  in.  northwest  at  4  his.  ixn^ns.  4 
hrs.  ixK  mins.— failure,  buckling  to  west,  maximum  at  s}4  ft.  above  base. 

i4/(ef/ot7«fe.— Concrete  on  flanges  disintegrated  and  crumbly.  Nearer  the  web  the 
concrete  was  harder  but  had  apparently  lost  much  strength.    (Figs.  64,  xq3,  and  152.) 

Tbst  No.  32.  Rollbd  H.  2-1N.  1.2:5  cindbr  concrbtb.— 3  hrs.— no  cracking  or 
Q>alling  noted.  3  hrs.  20  mins.  to  3  his.  38  mins.— a  few  small  vertical  cracks  4  to  6 
in.  long  appeared  near  comers  on  east  and  west  faces  in  h>wer  half  extending  in  length 
and  opening  up  toward  end  of  test;  no  spalling  before  failure.  2  hrs.  32  mins.— maxi- 
mum expansion.  3  hrs. — slight  deflection  to  east  noted,  increasing  to  >^  in.  at  3  hrs. 
31  mins.,  and  i^  in.  east  at  3  hrs.  43  mins.  3  hrs.  44  mins.— failure,  buckling  to  east 
about  6  ft.  above  base. 

i4//tff/at7ttfe.— Concrete  very  crumbly  to  a  depth  of  about  i  in.  Quite  hard  and 
apparently  little  affected  at  column  web  5  in.  from  surface.    (Figs.  65,  X04,  and  X53.) 

Tbst  No.  32A.  Z  bar  and  Platb.  2-IN.  i  -.2  :$  cindbr  concrbtb. — 2  hrs.  50  mins. — 
ma^tim^m  expansion.  3  hrs. — no  cracking  or  spalling  noted.  3  hrs.  50  mins. — fine 
vertical  cracks  developing  on  all  faces  mostly  near  northeast  and  southwest  comers. 
3  hrs.  30  mins. — slight  deflection  to  north  noted,  increasing  to  |^  in.  at  3  hrs.  51  mins., 
and  ifj  in.  north  at  4  hrs.  i  min.  4  hrs.  a  mins.— failure,  buckling  to  north,  maximum 
at  sK  ^«  above  base. 

After  failure. — Concrete  crumbly  and  dehydrated  to  a  depth  of  about  iH  in.  Be- 
yond this  it  was  harder  and  apparently  little  affected.    (Figs.  65,  X04,  and  153.) 

Tbst  No.  33.  Rollbd  H  .  4-1N.  1:2 :4  ldcbstonb  concrbtb. — 2  hrs.  to  4  hrs.— fine 
vertical  cracks  6  to  X2  in.  long  on  east  and  west  faces,  4  in.  from  comers,  in  lower  half ; 
also  small  cracks  in  bracket;  cracks  opening  slightly  toward  end  of  test;  no  spalling. 
7  hrs.  50  mins. — maximum  expansion.  8  hrs. — column  still  supporting  working  load, 
with  no  apparent  change;  less  than  yi  in.  deflection.  8  hrs.  2  mins.— load  increased, 
with  fire  go£ng  until  failure  occtured  tmder  load  of  431  000  lb.,  with  local  buckling 
about  10  ft.  above  base,  at  8  hrs.  8  mins. 
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AfUffailuft, — Outer  K  iii*  of  concrete  soft  and  could  be  easily  knocked  off  8  days 
alter  test,  and  was  dehydrated  for  aaotlier  lyi  in.,  inside  of  which  it  was  hard  and  ap- 
parently little  affected  by  the  heat.    (Figs.  65,  Z05,  and  154.) 

Tbst  No.  33A.  RoixBD  H.  4-in.  1:2*4  umsstons  C0NCRST8.  Not  tisd.— 30 
mins.--8li9ht  surface  flaking  at  several  points.  34to4omins. — fine  cracksnoted  on  east 
and  west  sides  of  bracket,  a  hit.  xomins.  to  5  hn.aomins.— three  or  four  fine  verti- 
cal cracks  3  to  34  in.  long  on  east  and  west  faces,  3  in.  from  comers,  in  lower  half;  no 
spalling  or  further  cracking  before  failure.  7  hrs.  50  mins.— -masdmum  expansion, 
8  hrs.— column  still  supporting  load  with  no  apparent  change;  less  than  yi  in.  deflec- 
tion. 8  hrs.  5  mins.— k>ad  increased  with  fire  going  until  failure  occurred  under  load 
of  405  000  lb.  with  buckling  to  the  east,  maarimum  7  ft.  above  base,  at  8  hn.  ^yi  ndn. 

After  failun. — In  lower  8  ft.  concrete  checked  and  pitted  with  small  holes  of  ^  to 
A  in.  diameter,  and  hard  to  depth  ol  over  ^  in.  Concrete  calcined  to  depth  of  lyi 
in.  from  surface.  Concrete  on  flanges  broke  loose  at  failure  due,  in  part,  to  absence 
of  wire  tie.    (Figs.  65  and  zo6.) 

Tb8T  No.  34.  RoixBD  H .  4riN.  i  ra  4  okanitbconcrbts.— 33  mins.  to  i  hr.  5  mins. — 
fine  vertical  cracks  about  3  in.  from  corners  mostly  on  east  and  south  sides,  5  to  9 
ft.  up;  also  cracks  on  all  sides  in  bracket,  z  hr.  a8  mins. — cracks  opened  generally 
^  to  -iV  in.  width,  a  hrs.  13  mins.— crack  through  concrete  at  southeast  comer  6  ft. 
up.  4  hn.  7  mins.— 'K-in*  crack  through  northeast  .comer  6  ft.  up.  6  hrs.  34  mins. — 
maximum  expansion.  6  hn.  40  mins.— very  little  change  except  for  slight  spalling 
on  northwest  comer  8  ft.  up.  7  his.  33  mins.— spalling,  northwest  comer,  6  by  3  by 
3  in.  at  8  ft.  up;  spalling,  southeast  comer,  6  by  6  by  ao  in.  6)4  ft.  up,  exposing  steel. 
3  his.— slight  deflection  to  east  noted,  increasing  to  H  ii^*  ^t  7  hrs.  31  mins.  7  hrs.  58 
mins.— failure,  buckling  to  east,  maximum  at  7  ft.  above  base. 

After  failure, — Incipient  fusion  ol  concrete  i>^  to  a  in,  in  depth  throughout.  Con- 
crete undemeath  very  soft  and  crumbly.    (Figs.  65,  Z07,  and  155.) 

Tbst  No.  34A.  R01X8D  H.  4-iN.  z:a4  qranits  concrbtb.— 55  mins.  to  z  hr.  45 
mins.— small  vertical  cracks  appeared  on  all  faces  3  to  5  in.  from  comers,  mostly  from 
5  to  7  ft.  up,  opening  up  to  }i  in.  in  some  cases;  also  several  cracks  in  bracket.  3  hrs. 
z6  mins.— cracksopening  up  to  K  ii^- *  <io  spalling  except  small  piece  at  bracket.  4  hrs. 
44  mins.— gas  shut  off  for  i}4  mins.  to  cool  furnace.  5  his.  50  mins.— maximum  ex- 
pansion. 6  hrs.  30  mins. — gas  shut  off  for  a  mins.  to  clear  fumace;  small  spall  noted  on 
southwest  comer  y^i  ft.  up.  7  hrs.— gas  shut  off  for  a  mins.;  incipient  fusion  appar- 
ently present.  Minor  spalling  of  comers  noted.  6  hrs.  30  mins.— slight  deflection  to 
west  noted,  increaang  to  }4  in.  at  7  hrs.  at  mins.  7  hrs.  33  mins. — ^failure,  buckling 
to  west,  maximum  at  5  ft.  above  base. 

After  failure, — Incipient  fusion  of  concrete  z  to  zK  in.  in  depth  over  whole  surface. 
(Figs.  65  and  zo8.) 

Tbst  No.  35.  Rollbd  H.  4-IN.  z:3:5  umbstonh  concrbtb.— 56  mins.— fine  ver- 
tical crack,  za  ins.  long,  on  both  faces  at  southeast  comer  at  bottom,  4  in.  from  edge. 
3  hrs. — no  tpp^Htng  or  further  craddng  noted.  4  to  7  hrs. — furnace  filled  with  heavy 
flame;  impossible  to  see  column.  7  hrs.  40  mins. — mayimuni  expansion.  8  hrs. — 
column  still  supporting  working  load  with  no  apparent  change;  deflection  less  than 
^  in.;  load  increased  with  fire  (pcnng  until  failure  occurred  under  load  of  348  000  lbs. 
with  Vocal  buckling  7^  ft.  above  base,  at  8  hrs.  7  mins. 

After faOure.—Suxftict  concrete  hard  and  sand  fused  throughout  to  depth  of  }i  in. 
to  X  in. ;  limestone  completely  calcined  up  to  z  in.  from  surface,  and  soft  and  dehy- 
drated up  to  2}4  ins.  from  surface.  Concrete  was  harder  farther  in,  although  less  sq 
than  in  33  and  33A.    (Figs.  66,  Z09,  and  Z56.) 
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Tbst  No.  36.  Platb  and  Anols.  2-in.  1:2:4  trap  concrbte.— 37  miiis.— small 
ctBck  on  west  face,  5  in.  long,  running  up  diagonally  fmm  soutiiwest  comer,  2}^  ft. 
up.  I  hr.  13  mins.— small  spall,  3  by  ^i"  in.  on  southeast  comer,  6J4  ft.  up.  i  lir.  20 
mins.  to  3  his.  40  mins. — sevaral  fine  cracks  at  bracket.  3  hrs.  10  mins. — ^maximtmi 
expansion.  3  hrs.  46  mins. — several  vertical  cracks  2  in.  itom  comers  on  east  and 
west  faces,  2  ft.  to  4  ft.  itp;  no  spalling  before  fisdlure.  3  hrB.*-«tight  deflection  to 
northwest  noted,  increasing  to  J^  in.  at  3  hrs.  44  mins.  3  hrs.  53.^  mins. — ^failure, 
buckling  to  west,  maximum  at  6  ft.  above  base. 

After  failure.'-Caaaete  soft  and  crumbly  to  a  depth  of  iK  ^  2  in.  (Figs.  66,  103, 
and  151.) 

Tbst  No.  37.  Plate  and  Angle.  4-in.  1:2:4  trap  concrete,  round  section. — 
35  mins.  to  i  hr. — small  cracks  noted  on  all  sides  at  bracket,  i  hr.  25  mins.  to  i  hr.  40 
mins. — spalling  of  southwest  and  southeast  comers  at  bracks.  4  hrs.  20  mins. — no 
further  cracking  or  spalling.  6  hrs.  10  mins. — ^maximum  expansion.  6  hrs.  24  mins. — 
spalling  across  west  face  at  bracket  about  i  in.  deep.  7  hrs.  xo  mins. — spalling  south 
face  at  bracket;  impossible  to  observe  lower  part  of  column  on  account  of  furnace 
gases.  6  hrs.  30  mins. — slight  deflection  to  west  noted,  increasing  to  >^  in.  at  7  hrs. 
and  if<  in.  west  at  7  hrs.  30  mins.  7  hrs.  34K  mins.— failure,  buckling  to  west,  maxi- 
mum at  5>^  ft.  above  base. 

After  failure, — Conaderable  fusbn  and  flowing  of  concrete  to  depth  of  9  in.  and 
incipient  fusion  for  z  to  i}4  in.  farther  in,  in  lower  8  ft.  Partial  fusion  to  }4  in.  depth 
above  this  point.  Concrete  crumbly  for  z  in.  inside  fused  portion;  fairly  hard  fardier 
in.  Trap  rock  extends  to  surface  quite  generally  in  upper  portion  tdiich  was  not 
fused.    (Figs.  66,  xio,  and  157.) 

Test  No.  38.  Plate  and  Channel.  2-1N.  1:2 '.4  Jchjet  gravel  concrete.— 45 
mins.  to  2  hrs.  55  mins. — several  fine  vertical  cracks  appeared  on  east  and  west  faces 
about  2 J/2  in.  from  comers,  5  to  8  ft.  above  base,  some  opening  up  to  -^  in. ,  also  several 
cracks  in  bracket.  3  hrs.  10  mins. — ^maximum  expansion.  3  hrs.  26  mins.— horizontal 
cracks  on  north  face  4  ft.  up,  }i  in.  wide.  4  hrs.  6  mins.— vertical  cracks  on  east  and 
west  faces  opening  up  to  >^  in.;  very  few  cracks  on  north  and  south  faces.  5  hrs.  4 
mins. — concrete  loose  on  comers  3  ft.  up.  5  hrs.  28  mins.— no  spalling.  4  hrs. — 
slight  deflection  to  east  noted,  increasing  to  >^  in.  at  5  hrs.  2 1  mins.  5  hrs.  28^  mins. — 
failure,  buckling  to  east,  maximum  at  2}^  ft.  above  base. 

After  failure.— Concrete  calcined  to  depth  oi  ^  m.  and  very  cmmbl/  to  depth  of 
2  in.  Inside  of  this  point  on  web  side  concrete  was  quite  hard  and  apparently  little 
affected  by  the  heat.    (Figs.  66,  iii,  and  158.) 

Test  No.  39.  Plate  and  Chann^.  4-1N.  1:2:4  Mbramec  River  gravel  con- 
crete.— 19  to  26  mins. — vertical  cracks  developed  on  east  and  west  faces  near  comers 
in  lower  half  and  at  bracket.  26  mins. — 2-ft.  spall  on  northwest  comer  near  middle. 
28  mins.  to  40  mins.— vertical  cracks  extending  upward  and  opening  up.  40  mins. — 
horizontal  crack,  5  ft.  np,  across  north  face.  45  mins.r-laige  spall  on  southwest  cor- 
ner, 7  ft.  up.  I  hr.  20  mins.— cracks  opening  up  to  >^  in.  in  some  cases,  t  hr.  26 
mins.— concrete  cracked  through  northeast  comer,  this  comer  spalling  off  fmm  4  to  8 
ft.  up  at  2  hrs.  6  mins.,  exposing  edge  ci  steel  for  4  ft.  2  hrs.  13  mins.— southwest 
comer  spalled  off  for  3  ft.  near  middle  exposing  steel.  3  hrs.— northwest  comer  and 
west  side  spalled  off  above  middle  of  column  exposing  steel  on  comer  for  2  ft.  3  hrs. 
30  mins. — ^maximum  expansion.  3  hrs.  4iyi  mins. — failure  with  local  buckling  6K 
to  8  ft.  above  base. 

i4/ter/at7i«w.— Concrete  inside  of  spalled  or  cracked  portions  was  quite  hard  and 
^lit  with  fracture  of  aggregate.  Aggregate  also  fractured  by  cracks  produced  in  the 
fire  test    (Figs.  66  and  112.) 
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Tbst  No»  40.  Latticbd  Channel,  a-m.  1:2:4  trap  concsqts,  round  sqction. — 
5  his.  X  min. — fnaxifmim  expansion.  6  his.  56  mins. — no  cracking,  spalling,  or  fusion 
of  concrete.  7  his.  35  mins. — a  number  of  vertical  cracks  on  east  and  west  sides  in 
lower  half,  varying  from  very  fine  to  one  yi  by  16  in.  at  southeast,  3  ft.  up.  No  spall* 
ing  or  fusion.  7  hrs.  55  mins. — cracks  opening  up;  the  crack  noted  above  open  % 
in.;  no  spalling,  possibly  some  fusion.  7  hrs.  57  mms. — failure  with  local  buckling 
about  5  ft.  above  base. 

AfUr  failure. — Fusion  of  concrete  from  depth  of  K  to  i}4  in.  near  failure  point. 
Veiy  little  concrete  had  run.  Ooncrete  outside  of  steel  generally  disint^^ted; 
between  channeh  it  is  harder.    (Figs.  67,  1x3,  and  159.) 

Tbst  No.  41.  Z  bar  and  Platb.  4-1N.  1:3:5  umbstonb  concrbtb.-^zo  mins.«— 
fine  vertical  crack,  2  in.  long,  on  west  face  near  north  comer  7  ft.  up.  i  hr.  to  z  hr.  50 
mins. — several  vertical  cracks,  3  to  xa  in.  long,  appeared  on  west  face  near  comefs  in 
middle  section  of  column;  some  opening  up  to  >^  in.;  no  galling,  a  hrs.  50  mins.^* 
ooncrete  cracked  through  for  a-in.  length  on  northwest  comer,  5  ft.  up.  7  his.  30 
mins. — maxiinum  expansion;  lateral  deflection  at  middle  of  column  less  than  }i  in. 
8  his. — column  still  supporting  working  load  with  little  apparent  change;  no  spalling; 
load  increased  with  fire  going  until  failure  occurred  under  load  of  33a  000  lbs.,  buck« 
ling  to  south,  maximum  6  ft.  above  base,  at  8  his.  i^yi  mins. 

AfUr  failuf, — Conciete  reddish  in  color  and  dehydrated  to  depth  of  z  in.  from  sur« 
face.    Ooncrete  outside  of  flanges  dehydrated  and  crumbly.   (Figs.  67,  114,  and  z6o.) 

Tbst  No.  4a.  Z  bar  and  Platb.  4-in.  i  :3:5  umbstonb  concrbtb. — z  hr.  15  mins.— 
small  crack  on  southwest  comer  at  bracket,  a  hrs.  ao  mins. — fine  vertical  crack  on 
west  face  4  in.  from  northwest  comer,  4  ft.  up.  8  his. — maximum  expansion;  column 
still  supporting  working  load  with  little  apparent  change;  no  spalling;  deflection 
less  than  yi  in.;  load  increased  with  fire  going  until  failure  occurred  under  load  of 
333  000  lb.  with  buckling  to  north,  maximum  6  ft.  above  base,  at  8  his.  xiK  mins. 

After failufe, — Concrete  affected  same  as  in  test  No.  41.    (Figs.  67,  115,  and  161.) 

Tbst  No.  43. 1  Bbam  anp  Channbl.  a-iN.  i  .2 :4  sandstonb  concrbtb.— 13  mins. — 
vertical  crack,  4  in.  long,  on  southeast  comer,  5>^  ft.  up,  cau»ng  slight  spalling  at  20 
mins.  ax  to  30  mins.— vertical  cracks  appeared  on  east  and  west  faces  near  comers, 
mostly  in  middle  part  of  coliunn.  30  mins. — southeast  comer  spalled  off  to  a  height 
of  $\4  ft.,  exposing  edge  of  steel  and  ties  for  4  ft.  33  to  41  mins. — ^vertical  cracks  on 
east  and  west  faces  extended  nearly  full  length  of  column.  45  niins.— southwest 
comer  spalled  off  4  to  10  ft.  up.  51  mins. — southeast  comer  spalled  off  6  to  9  ft.  up. 
55  mins.— cracks  opening  np  to  >^  in.  in  places,  x  hr.  15  mins. — southwest  comer 
^mlled  off,  lower  4  ft.  a  hrs.  50  mins. — maximum  expansion.  3  his.  5  mins.— oon- 
crete checking  all  over  surface.  4  hrs.  zx  mins.— failure,  budding  to  north,  maxi- 
mum 6  ft.  above  base. 

After  failure, — Channel  flanges  and  ties  on  south  oxidized.  Concrete  discolored 
on  surface  and  very  cmmbly  for  depth  (rf  x  in.,  the  rest  dehydrated  and  possessed 
little  strength.  Fractures  split  aggregate,  which  also  seems  to  have  lost  much  ol  its 
strength,  crumbling  under  light  hammer  blows.    (Figs.  67,  116,  and  zsa.) 

Tbst  No.  44. 1  Bbam  and  Channbl.  s-in.  z:3:5  sandstonb  concrbtb.— 17  mins.—- 
vertical  crack  on  northeast  comer,  a  to  5  ft.  up,  oomer  q>alliiig  off  at  z8  mins.,  also 
vertical  crack  on  northeast  comer,  3  to  7  ft.  up,  oomer  q>alling  off  at  2$  mins.  92 
mins.— vertical  cracks  on  both  sides  of  northwest  and  southwest  comers.  32  mins. — 
southeast  oomer  ^>alled  off  in  lower  3  ft.  35  mins.— vertical  cracks  on  all  faces  about 
a  in.  fiom  ooraers  running  full  length  of  column.  Edges  of  steel  exposed  for  lower  7 
ft.  on  northeast  and  southeast  comers;  concrete  loose  on  northwest  and  southwest 
oomen.  36K  mins.— southwest  comer  q>alled  from  6  to  7  ft.  up.  z  hr.  a  mins. — 
QMdl  east  side  near  middle  for  length  of  3  ft,  ezposiiig  flange  edges,    x  hr.  33  mins.— 
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all  oomen  at  bracket  q>alled  or  cracked,  i  hr.  24  mins.—iiortliweat  corner  apalled 
from  6  to  9  ft.  up.  i  hr.  35  mins. — southeast  flange  of  dumnel  dull  ved  at  middle  of 
oolunm;  no  other  change.  2  hrs.  23  mins. — ^maximnni  expansion.  3  hrt.  4X  mina. — 
failure,  buckling  to  north,  maximum  6  ft.  above  base. 

After  failure. — Concrete  generally  very  soft  and  crumbly.  Falls  off  column  readily 
in  large  pieces.    (Figs.  67  and  iz6.) 

TssT  No.  45.  Starred  Anglb.  2-in.  1:2:4  Mbramkc  Rivsr  okavbl  concrsts, 
ROUND  SBcnoN.— ao  to  30  mins. — a  number  of  deep  cracks,  mostly  vertical,  in  lower 
half  of  column;  concrete  becoming  loose  in  places.  35  mins.—some  ^wiling  near 
middle  of  column.  36  mins. — cracks  in  upper  half  of  column;  practically  all  sides 
have  large  cracks.  38  mins. — crack  on  west,  3  ft.  up,  open  3  in.  exposing  steel.  44 
mins. — spalling  to  steel  on  west.  47  mins. — spalling  to  steel  on  north  and  west  near 
bottom.  55  mins. — wire  tie  appeared  to  be  holding  concrete  between  angles  in  place. 
56  mins. — edge  of  steel  exposed  on  west  from  z  ft.  to  6  ft.  up,  on  north  fmm  z  to  2  ft.  up. 
z  hr.  7  mins.— steel  exposed  on  south,  z  to  2  ft.  up.  z  hr.  zo  mins. — ^laige  pieces  q>alled 
on  north  side  near  middle  of  ooltmm.  ihr.  34  mins.— concrete  on  lower  part  of  bracket 
q>alled  off.  z  hr.  4Z  mins. — maximum  expansioa.  z  hr.  47  nuxis.— failure  by  local 
buckling  about  3  ft.  above  base. 

After  failure, — Coarse  aggregate  was  quite  generally  broken  on  fracture  planes. 
Concrete  inside  of  fractures  appeared  to  be  in  good  condition.    (Figs.  66  and  zz2.) 

Tbst  No.  46.  Lathcbd  Anolb.  2-in.  z:2^  trap  concrbtb.— z  hr.— diagonal 
crack,  southeast  comer  at  bracket.  2  hrs.  35  mins. — vertical  crack,  3  in.  long,  on 
east  face,  4  in.  from  southeast  comer,  8  ft.  up.  No  spalling  before  failure.  4  hrs.  55 
mins. — maximum  expansion.  6  hrs.  43)^  mins. — failure  with  .local  buckling  about 
6  ft.  above  base,  each  angle  deflecting  outward  about  2}^  in. 

After  failure, — Incipient  fusion  on  surface  of  concrete  witii  small  cracks.  Concrete 
crumbly  from  dehydration  to  z>^  in.  from  surface.  It  was  otherwise  iq>parently  in 
fair  condition,  except  where  crushed  at  point  of  failure.    (Figs.  67  and  ZZ7.) 

Tbst  No.  47.  Round  Cast  Iron.  2-in.  z:2:5  cindbr  concrbtb.  Nottibd. — 
50  mins. — piece  of  concrete  2  in.  diameter,  qudled  off  under  bracket  on  south,  exposing 
bracket;  also  crack  6  in.  long  extended  down  from  spall.  2  hrs.  3  mins. — maximum 
expansion.  2  hrs.  42  mins. — ^vertical  cracks  zioted  on  all  sides  at  middle  (A  colunm. 
a  hrs.  47  mins.-- concrete  fell  off  from  2  to  zo  ft.  up,  exposing  metal.  2  hrs. — slight 
deflection  to  south  zioted,  increasmg  Xoyi\n.9iX,2  hrs.  20  mins.  a  hrs.  48^  mins. — 
failure  with  buckling  to  south,  maximum  6  ft  above  base. 

.4/for/at7ttrtf.— Column  broken  up  and  thickness  found  to  vary  from  yitoi^  in., 
with  thinnest  metal  on  north.  A  short  horizontal  crack  had  formed  on  north  side  3 
ft.  above  base.  Concrete  crumbly  for  ^  in.  from  surface.  Inside  of  this  it  i^pears 
almost  unaffected  by  the  fire  test.    (Figs.  67,  zoi,  and  Z58.) 

if)  HOLLOW  CLAT-TILB  PROTBCTIONS 

Tbst  No.  48.  Rollbd  H.  2-in.  sbmh^irb-clay  tilb,  Nbw  Jbrsbv  mstrict.  No 
PILLING. — 7  mins. — a  number  of  vertical  joints  open  about  ^  in.  12  mins. — vertical 
cracks  in  center  of  north,  east,  and  south  sides,  5  to  9  ft.  up;  cracks  in  about  >^  of  all 
vertical  joints.  20  mins.— vertical  cracks  extending  and  in  some  cases  opening  to 
X  in. ;  cracks  on  all  sides  at  bracket,  and  lower  edge  of  tile  spalled  off  on  southwest 
comer  at  bracket.  30  mins.— north  face  cracked,  2  to  zo  ft.  up;  yertical  cracks  on 
east  from  3  to  zo>^  ft.,  on  south  from  5  to  9  ft.  up;  cracks  in  some  cases  open  yi  in. 
I  hr.  15  mins.— outer  shell  of  tile  spalled  off  along  lower  west  edge  at  bracket;  little 
change  in  tile  befow;  zio  spalling  below  bracket  befctfe  failure,  z  hr.  3a  mins.— max- 
nmm  expansion,  z  hr.  40  mins. — slight  deflection  to  northwest  noted,  increasing  to 
^  in.  at  I  hr.  49  mins.  z  hr.  50  mins.— failure,  buckling  to  west,  maxinmm  8  ft. 
above  base. 
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After faiUng, — At  ftdlure  die  fell  off  from  5  ft.  up  to  top  coune  of  bracket.  Lower 
two  or  three  oourset  almost  intact.    (Figs.  68,  ii8»  and  162.) 

Tbst  No.  4q.  Rolled  H.  4-IN.  ssMiFntK-cLAY  tilb,  New  Jbk89y  district.  No 
nLUNG.-~3>^  to  Zyi  mins.— «  number  of  vertical  cracks  in  tile  and  joints  in  lower  8  ft. 
opened  -^  to  ^  in.  12  to  24  mins. — cracks  opening  >^  to  H  in.  maximum;  west  face 
bulged  out  f<  in.  from  4  to  8  ft.  up.  2a  mins. — tics  down  at  9th  and  lath  oooxses.  25 
mins. — tile  in  middle  section  of  column  on  south  and  west  sides  cracked  and  crushed. 
I  hr.  27  mins. — cracksopening  up  to  ^  in.  in  places;  no  extension  of  cracks  or  spalling. 
I  hr.  20  mins. — slight  deflection  to  north  noted,  increasing  to  >i  in.  at  z  hr.  38  min. 
I  hr.  21  mins.— maximum  expansion,  z  hr.  40  mins.— failure  with  compound  buck- 
ling  to  northwest  8  ft.  above  base  and  to  southeast  6  ft.  above  base. 

Afterfailure.—'K  few  tile  intact,  without  cracks;  tile  generally  cracked  longitudinally 
through  the  shells,  not  often  cracked  transversely  acioss  webs.  This  probably  ac- 
counts for  the  fact  that  no  ^Mdling  of  shells  occuzzed  uzitil  very  near  failuze.  (Figs.  68, 
Z18,  and  162.) 

Tbst  No.  50.  Plats  and  An(h«s.  2-in.  sukfacb-clay  tils,  Boston  district. 
Granits  concrsts  vnx,  (Tils,  6  m.  wms,  laid  horizontally.) — 7  mins. — crack- 
ing and  spalling  on  comers,  4  to  6  ft.  up.  zo  mins. — ^tile  spalled,  concrete  exposed 
on  south  and  east  for  i  ft.  near  bottom.  16  mizis. — ^tile  bulged  out  on  south  face  from 
bottom  to  6}4  ft.  up.  2Z  mizis. — tile  fell  off  on  south  where  bulged,  exposing  steel. 
26  mins. — concrete  exposed  from  4  to  6K  ft.  up  on  north,  east,  and  west.  32  mins.— 
cracks  opening  up  at  joints  in  upper  half.  55  mins.— maximum  expansion,  z  hr. 
5><  mins. — failure,  with  local  buckling  about  $}4  ft.  above  base. 

After  failure.— Tae  broke  clear  from  concrete  with  zio  splitting  of  tile  at  keys. 
Transverse  shearing  of  long  tile  at  joints  of  short  tile  very  marked.  Tile  in  all  courses 
fell  in  whole  or  part  except  top  bracket  course  and  three  lower  courses.  Concrete 
in  fill  where  not  crushed  by  compression  apparently  unin jived.    (Figs.  68  and  Z19.) 

Tsst  No.  soA.  Plats  and  Angls.  2-in.  surfacs-clay  tils,  Boston  district. 
Granits  concrsts  fill.  (Tils  6  in.  wids,  laid  horizontally.) — 5  mins.— several 
horizontal  joints  open  yi  in.;  vertical  crack  12  in.  long  through  tile  on  east  face,  6^  ft« 
up;  large  niunber  c^  vertical  cracks  near  comers  at  bracket.  7  mins. — part  of  one 
outer  shell  on  each  of  south  and  west,  near  middle  spalled.  13  mins. — vertical  cracks^ 
in.  wide  opposite  joints  at  all  comers.  Z3  to  20  mins. — outer  shell  spalled  off  for  2  ft. 
at  middle  on  east  and  west;  outer  shell  bulged  out  K  ^-  ^  several  places.  2Z  mins. — 
edge  of  steel  exposed  for  6  in.  on  northeast  comer,  6  ft.  up.  2z  to  39  mins. — tile  fell 
off,  exposing  concrete  for  3  ft.  at  middle  on  east  and  west; buckling  of  tile  increasing 
on  flanges  to  K  i^*  maxiiztum;  upper  3  ft.  intact,  except  for  >^-in.  cracks  at  bracket. 
I  hr.  14  mins.— tile  fell  off,  exposing  concrete  in  lower  3  ft.  on  west  face;  otherwise 
little  change,  z  hr.  24  mins. — mortar  joints  evidently  not  very  full  on  north  and 
south,  can  see  through  in  places,  i  hr.  42  mins.— tile  buckled  out  z  in.  on  north,  5 
ft.  up.  I  hr.  44  mins. — maximum  expansion,  i  hr.  sg}^  mins. — failure,  buckling 
to  west,  maximum  5X  ft.  above  base. 

After  failure, — ^All  tile  fell  off  at  failure  except  parts  of  courses  in  lower  foot  and  in 
upper  3  feet  Concrete  fully  fills  reentrant  portions  except  where  crushed  out  at 
point  of  failure.  (Figs.  69,  ZZ9,  azid  Z63.) 

Tsst  No.  $1.  Plats  and  Anols.  4-in.  surpacs-clay  tils,  Boston  district. 
Granits  concrsts  fill. — 7  to  17  mins.— considerable  cracking  and  bulging,  mostly 
in  middle  courses,  where  some  comers  were  shattered.  14  mins. — vertical  cracks  in 
about  50  per  cent  of  tile.  18  to  38  mins. — ^bulging  increasing,  vertical  cracks  opening 
to  K  ^-  maximum;  minor  spalling  on  southeast  and  southwest  comers  in  middle 
courses.  20  mins. — ties  on  2d  and  8th  courses  down.  36  mins. — tie  on  6th  course 
down.    40  to  52  mins.— outer  shell  of  tile  spalled  off  from  5  to  7  ft.  up  on  south  and 
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west.  X  hr.  33  miss. — btilging  c^  tile  increased  to  x>^  in.  mayiwmm.  z  hr.  47  mins. — 
tile  fell  on  north,  to  7  ft.  up,  exposing  mortar  and  concrete,  i  br.  30  mms. — slight 
deflection  to  west  noted,  increasing  to  >i  in.  at  a  hr.  2  his.  11  mins. — mairimiim  ex- 
pansion,   a  hrs.  17X  mins. — failure,  buckling  to  west,  maximum  6  ft.  above  base. 

After  failure, — ^Tile  generally  shattered.  Parts  of  tile  near  bottom  blackened  and 
partly  fused  by  the  heat.  Concrete  fills  web  spaces  fairly;  it  is  apparently  little 
inju^d.  Miortar  joint  on  flanges  not  full  in  places,  but  voids  are  partly  filled  with 
concrete.    (Figs.  69  and  zao.) 

TKST  No.  5zA.  PlJlTS  AND  AnQLS.     4-ZN.  8USFACS-CLAY  tZLS,  BOSTON    DISTRICT. 

Qranits  concrsta  rax. — 3  to  15  mins.— considerable  cracking  and  some  bulging  at 
comers.  z6  mizis. — cracks  quite  general,  open  to  X  ui.  in  lower  two-thirds,  not  over 
A  in.  above.  z6  to  44  mins.— cracks  increasing  and  opezung  up;  bulging  out  of  tile 
at  horizontal  joints  to  maximtrm  of  a  in.,  mostly  in  middle  four  courses.  38  mins. — 
tie  broken  on  5th  course,  z  hr.  6  mins.— cracks  and  bulges  opening  up  in  lower  8  ft.; 
little  change  above,  i  hr.  14  mins. — ties  dropped  on  ad  and  3d  courses,  z  hr.  ao 
mins.  to  z  hr.  3a  mizis.— outer  shells  on  east  and  west  sides  in  middle  courses  spalling; 
at  end  of  this  period  tile  had  fallen,  exposing  concrete  from  4  to  8  ft.  up  on  east  and 
firom  4  to  zo  ft.  up  on  west,  z  hr.  44  mins. — all  ties  down  except  on  three  upper 
courses,  z  hr.  45  mins. — tile  buckled  away  from  flanges  on  north  and  south  6  ft.  up. 
a  hrs.  6  mins. — tile  spalled  on  north  6  ft.  up,  exposizig  east  flange  3  by  4  in.  a  his. 
33  mins. — tile  buckled  away  from  flanges  on  north  and  south  8X  ft.  up.  a  his.  a6 
mins.— no  change  in  upper  courses,  a  hrs.  40  mins.— maximtmi  expansion,  a  his. 
54  mins. — tile  fell  on  south  6  ft.  up,  exposing  steel,  a  his.  41  mins. — lateral  deflection 
at  center  less  than  yim.  a  hrs.  55K  mins.— ^failure  with  buckling  to  west,  maximum 
at  5K  ft.  above  base. 

After  failure* — ^Upper  a>^  courses  almost  intact  except  for  spalling  of  part  of  outer 
shell  on  west.  Tile  generally  cracked  through  shells  parallel  with  webs,  but  some  were 
also  cracked  through  webs  parallel  with  shells.  Filling  good,  no  voids.  Tile  fused 
near  bottom  on  south  and  west  sides,  some  pieces  had  been  nearly  plastic.  Partial 
fusion  extended  up  to  the  zoth  course.    (Figs.  69,  zao,  and  Z63.) 

Tbst  No.  5a.  PtATS  AND  Channsl.  a-in.  Omo  shals  tzlb.  Cindsr-concrsts 
rax. — a  mins. — cracks  yi  in.  wide  on  east  and  west.  8  to  z  z  mizis.— cracks  increasing 
and  open  to  yim,,  some  shells  buckling,  two  outer  shells  spalled,  and  considerable 
number  of  outer  shells  loose.  z6  mins.— cracks  open  to  z  in.  maximum;  tie  broken 
on  7th  course.  z8  mins. — outer  shell  7th  course  on  west  spalled  off.  37  mins. — tie 
broken  on  9th  course.  3a  mins.— outer  shell  9th  course  on  south  spalled;  a  number 
of  loose  outer  shdls  held  in  place  by  ties.  53  mins. — all  tile  cracked,  but  little  further 
^Mdling.  z  hr.  6  mins.— edge  of  southeast  flange  exposed  opposite  6th  course,  z  hr. 
35  mins. — iimer  shell  ready  to  fall  on  7th  course,  west,  edges  of  flanges  probably 
exposed,  z  hr.  3a  mins. — maximum  expansion,  z  hr.  40K  mins. — failure  with  local 
buckling  about  6  ft.  above  base. 

After  failure. — Concrete  fill  without  voids;  mortar  jdnts  on  north  and  south  sides 
fairly  full.    Bracket  courses  almost  intact.    (Figs.  70,  zaz,  and  163.) 

Tkst  No.  53.  Plats  and  Channbl.  4-1N.  Omo  shals  tab.  Cindbr-concrsts 
rax. — a  to  Z5  mins. — cracking  very  pronounced  on  all  faces,  cracks  opening  up  to  z  in. 
maximum  at  end  of  this  period.  7  to  30  mins.— spalling  of  outer  shells  b^izming  at 
corners  azid  later  across  faces ;  outer  shells  generally  loose.  8  to  33  mins. — bulging  out 
of  tile  at  horizontal  joints  on  east  and  west,  3  to  9  ft.  up,  increasing  to  zX  ui-  at  end  of 
period.  34  mins.— ties  off  on  3d,  7th,  and  9th  courses.  30  to  33  mins.— all  outer 
flhdls  spalled  off  on  w«st,  a  to  6  ft  up  on  east,  9  to  zo  ft.  up.  33  to  37  mizis.— tile  fell 
on  west,  4th  and  5th  couises,  on  east  7th,  8th,  and  9th  courses.  42  mins.— all  ties 
down  except  on  zst,  8th,  zzth,  and  zath  courses.  45  mins.— tile  bulged  out  on  south, 
exposing  steel  from  a  to  5  ft.  up.    58K  mins.— tile  now  fallen  on  west  from  3d  to  9th 
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courses,  indusive.  i  hr.  4  mins.— bracket  courses  nearly  intact,  i  hr.  17  mins. — 
maximum  expansion,  i  hr.  aa^  mins.— failure  with  local  buckling  about  7K  ft. 
above  base. 

After  failure. — Cracks  through  tile  webs  parallel  with  faces  predominate,  although 
many  units  cracked  through  both  faces.  Mortar  joints  generally  full.  Concrete 
fill  g^xxi,  no  voids.    (Figs.  70,  lai,  and  163.) 

Tbst  No.  54.  I/AtticSD  Channsl.  a-iN.  Omo  ssuxnRS-ctAY  ntn.  Trap  con- 
CRBTE  Fiix. — a  to  15  mins. — considerable  cracking,  both  in  joints  and  in  tile,  cracks 
opening  up  generally  to  >^  in.  at  end  of  period;  outer  shells  spalling  near  comen  and 
beginnhig  to  bulge  out  at  horizontal  jcxnts,  mostly  in  middle  courses.  a4  mins. — 
bulging  out  of  outer  shells  increased  to  maximum  (^  a  in.  a8  mins.— tie  broken  on 
9th  course.  48  min8.--«eariy  all  of  outer  shells  spalled  off  at  bracket  on  south.  50 
mins.  to  I  hr.  4  mins.-^oiiter  shell  of  tile  qMdled  on  south,  4  to  5  ft.  up,  north  half  of 
east  face»  3  to  5  ft.  np,  and  on  west  7  to  9  ft.  up.  i  hr.  aa  mins. — tie  broken  on  4th 
oouree.  X  hr.  4x>^  mins.— inner  shells  on  east  fell  4  to  6  ft.  np,  exposing  steel,  i  hr. 
43  mins. — nmer  shells  on  north  fell  4  to  6  ft.  np,  exposing  steel;  outer  shell  spalled 
on  north  3  to  4  ft.  up.  z  hr.  5a  mins.— tile  fell  on  west  a  to  4  ft.  up,  exposing  flange 
edges;  on  north»  3  to  6  ft.  up,  exposing  part  of  flanges  and  lattice,  a  hrs.  30  mins. — all 
tile  off  on  west,  9th  and  loth  courses.  2  hrs.— slight  defection  to  northwest  noted, 
increasingto^in.atahrs.  4xmins.  andtoiin.  we8tat3hiB.  imin.  ahrs.  aomins. — 
maximum  expanaon.  3  hrs.  X7X  mins.— failnre,  buckling  to  west,  maximum  6  ft. 
above  base. 

i4//ef/a»lttfe.— Concrete  between  flanges  of  channels  quite  crumbly;  that  between 
channel  webs  hard  and  apparently  little  injured  except  where  crt^ed.  Concrete 
fairly  flUs  space  between  steel  and  tile  on  both  flange  and  web  sides.  (Figs.  70, 
xaa,  and  164.) 

TBST  No.  55.  Z   BAR  AND  PLATS.     S-XN.  0BK>  8S1IIFIR9-CLAY  tILB.     LiMBSlONB 

CONCRBTE  mx.— 4  mins.— cracking  and  bulging  out  of  outer  shells.  1$  to  a3  mins. — 
outer  shells  generally  cracked  to  )i  in.  maximum;  bulging  out  at  horizontal  joints 
increasing;  some  spallii^;  at  comers.  34  mins. — parts  of  shell  on  west  spalled  at  4  to 
5  ft.  and  a  to  3  ft.  up.  45  mins. — all  cracks  opening,  x  hr.  4  mins. — wire  tie  broken 
on  3d  course,  i  hr.  48  mins. — die  fell  on  west,  7th  to  xoth  courses,  inclusive,  also 
part  south,  a  hrs.— outer  shell  spalled  on  south  at  bracket  course  exposing  edge  of 
bracket  steel,  a  hrs.  8  mins. — outer  shell  spalled  on  north,  7th  to  9th  course,  a  hrs. 
37  mins.— tile  bulged  out  x>^  in.  on  south  9  ft.  np.  a  hrs.  51  mins.— maximum  expan- 
sion. 3hrs.  aomins.— tile  fell  on  west  xith  course.  3  hrs.  23  mins.  to  3  hrs.  a  7  mins. — 
outer  shells  spalled  on  north  at  bracket  and  from  a  to  6  ft.  up ;  on  east,  shells  now  spalled 
from  a  to  7  ft.  up.  3  hrs.  4X  mins. — deflection  of  >^  in.  south.  3  hrs.  46^  mins. — fail- 
ure, buckling  to  south,  maximum  at  8  ft.  above  base. 

Afterf€dlure.—*ti!Lt  shells  remaining  on  are  firmly  held.  Concrete  filled  interior 
fully,  including  space  between  Z  bar  flanges  and  tile.  Concrete  hard  where  tile 
remained  in  place;  where  exposed  concrete  was  calcined  to  depth  of  about  yi  in. 
(Figs.  7x,  xaa,  and  X64.) 

TSST  No.  56.  Z  BAR  AND  PLATA.     4-IN.  OHIO  SSMIFXRE-CLAT  TILS.     I^IMSSTONB- 

CONCRBTS  mix. — 5  to  30  mins.— considerable  cracking  and  some  spalling  of  parts 
of  outer  shells;  spalling  principally  in  upper  half  near  southwest  comer,  at  middle 
near  northwest  comer,  and  on  lower  courses  at  northeast  comer.  57  mins.— outer 
shell  bulged  slightly  at  some  horizontal  joints,  most  on  west  at  6  and  7  ft.  up;  no  inner 
shells  spalled.  a  hrs.  30  mins.— maximum  expansion,  a  hrs.  55  mins.— outer  shell 
spalled  on  south  at  bracket;  otherwise  little  cracking  or  spalling  in  last  a^  brs.; 
wire  mesh  in  horizontal  joints  holding  tile  in  place  quite  effectively,    x  hr.  5 1  mins.— 
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deflection  of  yi  in.  south;  deflection  changed  to  yi  in.  northeast  at  3  hts.  i  min., 
increasing  to  ^  in.  at  $  hts.  21  mins.  3  his.  33K  mins. — failure,  buckling  to  north, 
maximum  at  Sy^  ft.  above  base. 

After failure.—Wm  mesh  in  all  horizontal  joints  lapping  at  comers.  Concrete  All 
good,  no  voids;  concrete  hard,  almost  intact.    (Figs.  71,  133,  and  165.) 

Tl^T  No.   57.  I  BBAM     AND      ChANNSL.     4-IN.      SUB^AC0-CLAT     TILB,     ChICAOO 

DISTRICT.  LiMBSTONE-coNCRBTS  PILL. — ^3  to  13  mins. — general  cracking  and  bulging 
of  a  few  outer  shells,  cracks  open  to  >^  in.  33  mins. — ^bulging  increasing;  general 
spalling  of  small  pieces  from  comers.  35  mins. — ^parts  of  outer  shell  spalled  on  east 
and  west  4  to  5  ft.  up.  33  mins. — cracks  and  bulges  generally  open  K  in.  on  all  sides 
from  3  to  6  ft.  up.  38  mins. — outer  shells  loose  or  fallen  on  west  $  to  7  ft.  up  and  on 
south  4  to  6  ft.  up.  53  mins. — all  outer  shells  spalled  on  east  and  south  3  to  6  ft.  up, 
and  on  north  5  to  6  ft.  up;  tile  in  5th  course  on  south  fell,  exposing  part  of  flange,  i 
hr.  3  mins. — ^large  amount  of  tile  fell  on  all  sides,  exposing  most  of  eonaete  from  3  to 

10  ft.  up.  3  hrs.  15  mins. — maximum  expansion.  2  hrs.  37  mins. — tile  down  on  all 
sides  from  3  to  is  ft.  up,  exposing  concrete.  3  hrs. — slight  deflection  to  north  noted, 
increasing  to  X  ^*  ^^  '  ^m*  5^  mins.,  and  to  }4  in.  at  3  hrs.  31  mins.  3  hra.  33  mins. — 
failure,  buckling  to  north,  maximtmi  at  8  ft.  above  base. 

After  failure, — ^A  number  of  tile  sheared  at  plaster  key,  leaving  latter  in  the  con- 
crete. Concrete  fill  fairly  full,  except  at  a  few  points  between  tile  and  channel  flange. 
Concrete  calcined  to  depth  c^  ^  in.  where  exposed;  hard  where  protected.  (Pigs. 
71  and  133). 

TSST  No.  58.  I  BBAM  AND  ChANNBL.  3  LAYBRS  OF  3-IN.  8UB9ACB-CLAY  TILB, 
CmCAOO  DISTRICT.     TiLB  FILL.     WiRB  MBSH  IN  HORIZONTAL  JOINTS.— 3  tO  1$  minS. — 

outer  shells  and  tile  spalled  at  comers  quite  generally.  i6  mins. — outer  shell  of  outer 
tile  bulged  out  iK  '^'  ^^  horizontal  joint  on  east  5  ft.  up.  36  mins. — part  of  inner  shell 
of  outer  layer  of  tile  at  southeast  corner  10  ft.  up  fell;  outer  shells  continuing  to  spall 
at  comers  and  on  parts  of  some  faces.  44  to  48  mins.— outer  shells  of  outer  tile  spalled 
on  all  sides  at  bracket,  also  partly  on  east  at  10  ft.  up,  and  all  on  west  10  to  11  ft.  up; 
outer  shell  bulged  z  in.  at  zo>^  ft.  up  on  south,  i  hr.  36  mins. — all  outer  shells  now 
q>alled  on  east  from  9  ft.  to  top.  i  hr.  57  mins. — outer  tile  down  on  south,  loth  course, 
and  on  east,  9th  course.  3  hrs. — ^little  change  in  i  hr.  3  hrs.  30  mins. — outer  shell  of 
outer  tile  spalled  on  south,  5th  course.  3  hrs.  43  mins. — ^bracket  steel  exposed  for 
6  in.  on  northeast.  3  hrs.  45  mins. — all  tile  down  in  upper  two  courses  on  east;  on 
north  and  south,  outer  tile  down  in  upper  two  cotuses  and  inner  tile  bulging  out 
X  in. ;  all  of  bracket  exposed  on  both  sides.  3  hrs.  56  mins. — 50  to  75  per  cent  of 
outer  shells  of  outer  tile  now  down,  most  of  which  occurred  before  z  hr.  57  mins.; 
total  outer  tile  and  part  of  inner  tile  fallen  in  a  few  places  as  noted  above;  little 
spalling  now  taking  place.  4  hrs. — maximum  expansion.  4  hrs.  35  mins.^iio  decided 
change;  no  fusion  zioted,  although  tile  at  4  ft.  up  concave  outward  as  if  beginning  to 
fuse.  3  his.— slight  center  deflection  to  south  noted,  increasing  to  ><  in.  at  4  his. 
31  mins.    4  hrs.  ssH  miiis. — failiue,  with  local  buckling  to  south  and  west  about 

11  ft.  above  base. 

After  failure, — Generally  all  but  outer  shell  of  outer  tile  in  place  in  lower  eight 
courses.  On  9th  course  outer  tile  down  and  almost  all  tile  down  in  zoth,  izth,  and 
i3th  courses.  Wire  mesh  found  in  all  joints  except  between  the  zst  and  3d  courses, 
between  the  9th  and  loth  on  north  and  south  where  the  pipes  interfered,  and  between 
the  I  ith  and  i  sth  where  the  bracket  angles  interfered .  Some  mesh  was  fotmd  between 
the  loth  and  nth  courses,  although  so  much  tile  was  down  that  it  was  impossible  to 
determine  whether  all  pieces  had  been  placed.  Very  decided  fusion  of  tile  occurred 
in  lower  4  ft.  and  incipient  fusion  up  to  7  ft.  above  base,  being  most  pronotmced  on 
south  side  of  column.    (Figs.  71,  134,  and  165.) 
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TVST  No.  59.  I  BBAM  AND  ChaNNBL.      3  LAYERS  OP  3-IN.  SURPACH-CLAY  TILB,  Cm- 

CAOO  msTRiCT.  TiLB  MLL.  OuTsiDS  WIR8  TIBS.— 3  to  14  mins. — considerable  crack- 
ing of  outer  shells  on  all  sides.  14  mins. — outer  tile  bulged  out  iX  iii-  on  west,  7  ft. 
up.  15  to  33  mins. — spalling  of  two  outer  shells  at  eomers.  17  mins. — outer  tile 
biilged  out  >^  in.  OU  north,  4  ft.  up,  increasing  to  3  in.  at  37  mins.  36  mins.— Clearly 
all  of  outer  shells  of  outer  tile  spalled  on  west,  (^  to  8  ft.  up;  tie  brc^en  on  8th  course. 
39  mins.-— outer  shell  spalled  on  east,  7th  and  8th  coutks.  33  mins.— all  outer  tile 
8th  and  9th  counes  down  and  part  of  tile  in  7th  course.  35  mins.— 4nner  tile  bulged 
out  3>^  in.  on  west,  7  ft.  up.  36  mins.— outer  tile  loose  on  west  in  iitfa  and  Z3th 
oouTKS,  held  by  wire.  38  mins.— all  outer  tile  down  on  south  fiom  3  to  6  ft.  up,  on 
north  from  3  to  8  ft.  up.  43muis.— Inner  tile  on  south  bulged  out  ^ in.,  5  It.  up.  ihr. 
6mins. — ^ianer  tile  down  on  south,  6  to  9  ft.  up,  exposing  both  flanges,  xhr.  z6mins. — 
all  outer  tile  and  parts  of  inner  tile  down  except  for  parts  of  upper  and  lower  courses. 
X  hr.  33  mins.— all  tile  down  on  west,  6  to  8  ft.  up,  exposing  channel,  z  hr.  35  mins. — 
maximum  expansion,  x  hr.— slight  center  deflection  to  north  noted,  increasing  to 
^  in.  at  I  hr.  31  mins.  i  hr.  33^^  mins.— failure  with  budding  to  north,  maximum 
at  yyi  ft.  above  base,  and  twisting  about  33^. 

After faikire.—AXL  but  filling  tile  down  in  middle  six  courses.  Filling  tile  also 
thrown  off  near  middle  of  column.  All  tie  wires  broken  before  or  at  failure.  (Figs. 
73  and  134.) 

Tbst  No.  60.  Latticbd  Anolb.  3*'IN.  Ohio  sbmipirb^lay  tilb.  Trap-con- 
CRBTB  Pnx,  PLACBD  BBPORB  TILB  WAS  8BT.— 3  to  x8  mins. — cracking  of  tile  on  all  sides; 
verical  crack  on  north  near  west  comer  open  to  ^  in.,  3  to  6  ft.  up.  13  to  18  mins. — 
ties  broke  on  9th,  6th,  8tix,  4th,  and  3d  courses,  in  the  given  order.  18K  niins. — 
part  outer  shells  splilled  on  south  3  to  6  ft.  up.  36  mins. — ^tile  down  on  west  from  x  to 
7  ft.  up,  exposing  concrete.  33  mins. — tile  bulged  out  3  in.  on  north  3  to  6  ft.  up. 
33  mins.— die  down  on  north  from  i  to  6  ft.  up.  36  mins. — tile  bulged  out  iX  ^'  on 
east,  3  to  7  ft.  up.  38  mins. — a  few  cracks  in  tile  in  upper  three  courses.  40  mins. — 
all  tile  down  on  east  x  to  xoK  ^t.  up.  48  mins. — tile  down  on  north,  7X  to  loK  ft.  up. 
X  hr.  3  mins. — tile  down  on  south,  7th  course,  x  hr.  47  mins. — maximum  expansion. 
I  hr.  58  mins. — little  change  durbig  last  hour.  2  hrs.  7  mins. — all  tile  down  on  south 
up  to  bracket.  2  hrs.  13  mins. — :^in.  vertical  cracks  in  concrete  halfway  up  in- 
creasing to  >i  in.  at  3  hrs.  34  mins.  2  hrs*  31  mins. — center  deflection  of  >^  in.  north- 
west, increasing  to^i'm.ats  hrs.  7  mins.  3  hrs.  9X  mins.— failure  with  local  buck- 
ling 4H  to  5  ft.  above  base. 

AfUrfaUurt. — ^Tile  quite  generally  cracked  vertically  through  both  shells,  transverse 
cracks  along  webs  not  general.  Mortar  evidently  did  not  bond  tile  and  concrete. 
Except  at  point  of  failure,  cracks  in  concrete  are  not  wider  than  -^  in.  Concrete 
very  crumbly  outside  lattice,  quite  hard  inside.    (Pigs.  73,  135,  and  166.) 

Tbst  No.  6x.  Latticbd  Anolb.  3-in.  Ohio  SBinPntB-cLAY  tilb.  No  pilling. — 
3  to  x8  mins. — pionounced  cracking  and  bulging  especially  at  middle  courses;  cracks 
mostly  vertical,  opening  to  iJ4  iii*  maximum  on  south,  5  to  7  ft.  up;  very  little 
^MiUiitg.  x3  mins. — ties  broken  on  4th,  6th,  and  7th  courses.  36  mins. — both  outer 
and  ixiner  shells  fell  on  northwest  comer  4  ft.  up  for  width  of  about  4  in.  33  mins. — 
similar  spall  on  southeast  comer  4  ft.  up.  35  mins. — considerable  bulging  of  tile  on 
south,  3  to  4  ft.  up.  44  mins. — cracks  and  bulging  increased  slightly,  none  now  more 
than  ^  in.  45  mins. — maximum  expansion.  47  mins.— center  deflection  of  X  ^• 
east.    50X  mins. — failure  with  local  buckling  about  6  ft.  above  base. 

AfUrfaiUif, — ^Tile  cracked  transversely  in  some  cases;  greater  number  cracked 
vertically  through  both  faces  without  transverse  web  cracks.    (Figs.  73  and  135.) 
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Test  No.  6a.  Round  Cast  Iron.  a-m.  porous  sbmifirs-clay  tile,  Naw  Jsrsst 
district;  no  filung. — ^Air  pressure  tanks  shut  off,  load  applied  by  water  pressure 
only.  6  to  30  mins. — ^a  number  of  vertical  cracks  in  tile  and  in  mortar  joints,  opening 
to  maximum  of  X  i^-  ^^  ^^^  ^^  ^^  period.  45  mins. — cracks  now  in  40  to  50  per 
cent  of  tile  tmits,  width  varying  from  fine  to  f^  in.  in  coltunn  proper  and  to  yi  m, 
at  bracket,  a  hrs. — all  ties  in  place ;  cracks  have  opened  up  slightly.  2  hrs.  a  5  mins. — 
horizontal  cracks  on  west  between  bracket  courses  about  ^  in.  wide,  a  hrs.  4a  mins. — 
similar  cracks  on  southwest,  }^  in.  wide.  3  hrs. — mascimtmi  expansion.  3  hts.  a6 
mins. — horizontal  bracket  cracks  open  to  z  in.  maximum.  4  hrs.  zo  mins. — cracks 
open  z  in.  at  middle  of  column;  no  spalling  or  bulging  of  tile.  4  hrs.— eli^t  deflec- 
tion to  soutiieast  noted,  increasing  to  zH  ^^'  ^^  4  ^^^^-  ^^  mins.  4  hrs.  ii)4  mins. — 
failure,  coltuzm  unable  to  support  working  load.  4  hrs.  Z3  mins.-4oad  of  about 
75  000  lbs.  held.  4  hrs.  Z4  mins. — ^tile  fell  on  east;  load  of  about  2$  000  lbs.  held. 
4  hrs.  Z4^  mins.--gas  shut  off;  column  buckled  to  southeast  maximum  at  8  ft.  above 
base. 

After  failure, — Column  did  not  crack  although  metal  buckled  near  surface  on  com- 
pression side  at  failtu-e  point.  Cracks  in  tile  are  generally  vertical,  extending  through 
both  shells.  Tie  wires  were  greatly  oxidized  and  had  little  strength.  (Figs.  73, 
za6,  and  Z67.) 

Test  No.  63.  Round  Cast  Iron.  a-m.  porous  SBMiFiRB-cxAyTiLa,  NswJbrssy 
district;  no  filling. — 6  mins. — ^vertical  crack  on  east,  4  to  5  ft.  up,  V»  ^'  wide. 
8  to  ii>^  mins. — gas  shut  off  accidentally  during  this  period.  13^^  to  33^  mins.-^ 
fine  vertical  cracks  a  to  6  ft.  long  opening  up  to  >^  in.  maximum.  3a  mins. — outer 
shell  loose  on  3d  course,  east  side.  35  mins. — cracks  open  to  >^  in.  47^^  mins. — 
cracks  open  to  >i  in.  maximtmi.  z  hr.  2$  mins. — cracks  opened  but  slightly  dining 
past  30  mins.  i  hr.  3  7  mins. — some  flaking  of  outer  shells ;  no  spalling.  z  hr.  55  mizis. — 
very  little  change;  tile  above  zo  ft.  up  almost  intact  except  for  a  few  cracks  yi  in. 
wide,  a  hrs.  ao  mins. — maximum  expansion,  a  hrs.  2$  mins. — about  >^  of  outer 
shell  spalled  on  3d  course,  east  side,  a  hrs.  34  mins. — bulging  on  southeast,  4  to  6  ft. 
up,  with  spalling  of  parts  of  both  shells  leaving  crack  f^  to  a  in.  wide,  a  hrs.  4z  mins. — 
slight  center  deflection  to  north,  increasing  to  zX  u^*  ^t  a  hrs.  55  mins.  a  hrs.  57X 
mins. — ^failure  with  buckling  to  north,  maximtmi  at  5^^  ft.  above  base. 

After  failure, — Most  cracks  in  tile  were  vertical,  straight  through  both  shells.  Tie 
wires  greatly  oxidized,  leaving  ^  in.  effective  diameter.  At  failure  point  5>^  ft.  up, 
cast  iron  was  mushroomed  out  about  i  in.  for  one-half  the  circumference  in  a  hei^t 
of  2}i  in.  Ntunerous  vertical  cracks  in  the  iron  formed  in  this  region.  Tension  breaks 
extend  for  one-half  of  the  circumference  on  south,  $J^  ft.  above  the  base  and  1^  ft. 
below  the  head.  The  thickness  of  metal  at  the  center  break  varied  from  yitox^  ia,, 
the  thinnest  metal  being  on  the  south.   (Figs.  73,  za6,  and  Z67.) 

Tbst  No.  76.  Rolled  H.  a-m.  hollow  clay  tile  covered  with  K-in.  layer 
OF  GYPSUM  plaster;  limestone  concrete  fill.    Upper  4  courses,  Ohio  shale; 

middle  4  COURSES,  Omo  SEMIFIRE  clay;    lower  4  COURSES^  SEMIFIRE  CLAY,  NeW 

Jersey  district.— z  to  3  mins.— outer  coat  of  plaster  peeled  off  and  shattered  at  end 
of  this  period ;  vertical  cracks  extending  through  to  tile  in  places.  zo>^  mins. — ^iimer 
coat  of  plaster  fell  on  south,  exposing  tile  3  to  8  ft.  up.  z z  to  3a  mins. — firmer  coat  ol 
plaster  fell,  exposing  about  two-thirds  of  tile  at  az  mins. ;  at  3a  mins.  about  90  per  cent 
of  plaster  had  fallen  below  bracket  course ;  plaster  still  on  bracket  on  all  four  sides  and 
down  to  9  ft.  up  on  west.  aS  mins.  to  z  hr.  zo  mins. — some  spalling  of  outer  shells  and 
very  slight  amount  of  cracking,  mostly  at  comers;  at  end  of  this  period  northeast 
comer  was  spalled  5  to  6  ft.  up,  also  on  west  4  to  5  ft.  up,  and  on  east  6  to  7  ft.  up; 
shell  loose  on  north  7  to  8  ft.  up.     z  hr.  33  mins. — several  comers  spalled  in  upper 
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two  thirds  of  column,  z  hr.  41  rnins. — outer  shell  spalled  on  north  8th  course;  plaster 
on  at  bracket,  except  on  north  side.  2  hrs.  30  mins.— little  change  during  past  50 
mins. ,  except  for  a  few  spalls  at  outer  shells  in  upper  half.  3  hrs.  30  mins. — no  change 
except  outer  shell  spalled  on  west,  9th  course.  3  hrs.  45  mins. — maximum  expansion. 
4  hrs. — ^little  change,  except  for  a  few  vertical  cracks,  ^  to  >i  in. ,  near  the  top ;  plaster 
still  on  parts  of  bracket.  4  hrs.  z8  mins.— outer  shell  spalled  on  east,  9U1  course; 
no  inner  shells  spalled  before  failure;  no  spalling  of  outer  ^ells  on  four  lower  courses; 
deflections  not  measured.  4  hrs.  9$}^  mins.--£ailure  with  local  buckling  about 
9>^  ft.  above  base. 

After failuf, — Shale  tile  almost  all  off;  could  not  be  examined;  Ohio  semifire-clay 
tile  quite  shattered,  no  bond  with  mortar  or  fill;  semifire  clay.  New  Jersey  diatriot» 
tik  in  fairly  good  condition  except  for  a  number  c^  fine  oracks;  fair  bond  with  fill. 
Concrete  fill  full,  no  voids.  Mortar  joints  on  sides  were  fairly  full.  (Figs.  78,  X38» 
and  46.) 

Test  No.  77.  Plats  and  Anols.    4-1N.  hollow  clay  tilb  coversd  with  f< 

IN.  LATBR  09  UMS  PLASTSK;  LIM88TON8-CONCRSTB  PILL.  UPPBR  4  COUS8SS,  S8MI- 
PIRS  CLAY,  N«W  JSRSSY  DISTRICT;  lODDLS  4  COURSBS,  SUSPAC8  CLAY,  CHICAGO  DIS- 
TRICT; LOWBR  4  COUR88S,  SURPACS  CLAY,  BOSTON  DISTRICT.— K  min.— most  of  piaster 
flailed  off,  exposing  nearly  three-fourths  of  total  tile  sorface.  15  mins. — practically 
all  of  plaster  down,  except  small  amount  in  places  near  top;  some  outer  shells  of 
tile  beginning  to  buckle  in  middle  courses.  20  to  50  mins. — cracking  and  some 
spalling  of  outer  shells,  mostly  at  comers,  in  middle  4  courses;  a  few  cracks  in 
lower  4  courses,  less  than  -^  in.  wide,  i  hr.  10  mins. — very  little  change  during 
ao  mins. ,  though  cracks  opened  slightly;  no  cracks  observed  in  upper  4  courses,  i  hr. 
35  mins. — afew  fine  cracks  in  upper  4  courses,  not  over  iSi  in.  i  hr.  49  mins. — a  num- 
ber of  horizontal  cracks  in  lower  4  courses  up  to  >i  in.  wide;  outer  shell  spalled  on 
west  3  to  4  ft.  up.  2  hrs.  20  mins. — horizontal  and  vertical  cracks  in  lower  4  courses 
opening  up  >i  to  ^^  in.;  cracks  in  upper  4  courses  not  opening  up.  3  hrs.  22  mins. — 
a  few  tile  in  lower  courses  curved  out,  ^>litting  near  ends;  not  much  change  in  middle 
4couxBe8.  4hrs. — cracksinlower4  0oursesopen  A  to  Kui-;i>oitheast  corner  spalled 
2  to  3  ft.  np;  possibly  ftision  3  ft.  up.  4  his.  10  mins. — ^maximum  expansion.  4  hrs. 
17  mins.-*-more  spalling  of  outer  shells  in  middle  courses;  no  inner  shells  spalled* 
4  hrs.  20  mins. — tile  bulged  out  from  steel  just  above  middle  on  north  and  south 
sides;  very  decided  fusion  z  to  3  fL  up.  4  hrs.  26  mins. — cracks  in  lower  4  courses 
open  A  to  K  u^M  outer  shell  5th  to  Tthr  course,  north  side,  spalled;  cracks  in  upper  4 
oouises  open  not  over  V^  in.  4  hrs.  a6  mins.  to  4  his.  30  mins.— considerable  spalling 
of  outer  shells  in  middle  4  courses;  all  inner  shells,  all  oouises,  in  place  before  failure. 
Deflections  not  measured.  ^hn.42}immB, — ^failure  with  buckling  to  west,  maximum 
at  6  ft.  above  base. 

After  failure.—All  of  upper  four  courses  and  middle  four  courses  of  tile  down, 
^y^tntyiflttmi  not  possible.  Lower  four  courses  much  shattered  by  vertical  and  hori- 
zontal cracks;  incipient  fusion  through  outer  shells  and  through  webs  where  exposed; 
pieces  of  this  tik  bent,  curled,  and  discolored.  Concrete  fills  reentrant  portions 
fully.  Appearance  of  steel  indicated  that  concrete  had  not  fully  filled  space  between 
flanges  and  tile.    (Figs.  78, 139,  and  46.) 

(/)  OYPSUM  BLOCK  PROTBCTIONS 
TSST  No.  64.  ROLLSD  H .  4-IN.  WRSTBRN  OYPSUM  BLOCK  (SOUD).     HoLLOW  OYP- 

SUM-BLOCK  PILL. — lo  mins. — ^6ne  surface  checks  developing,  about  -f^  in.  wide. 
30  mins.— fine  surface  checks  all  over  faces,  about  K  ^-  apart  both  ways.  48  mins. — 
comers  spalled  not  over  y^  in,  by  }^  ia.  1  hr. — ^very  little  change,  i  hr.  30  mins. — 
smface  checks  about  }4  in.  wide  by  >i  in.  deep;  a  few  vertical  joints  opened  not  over 
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^  in.  2  hn.  30  mins. — both  horizontal  and  vertical  joints  opened  about  yi  in.; 
mortar  joints  project  yiin..  2  his.  40  mins. — block  fell  from  bracket  on  north ,  exposing 
west  part  of  bracket  steel.  3  hrs.  10  mins.  to  3  hrs.  35  mins. — spalling  on  southwest 
and  northeast  comers,  just  below  middle,  to  3  in.  back.  3  hrs.  35  mins. — surface 
checks  yi  in.  wide  by  ^  in.  deep;  all  cracks  open  to  about  K  ^*  3  ^^^^'  45  mins* — 
mortar  joints  throughout  pioject  about  X  ^*  3  Im*  55  mins. — piece  of  block  down 
on  soutiiwest  side  of  bracket;  blocks  on  northeast  and  southeast  sides  of  brackets 
stand  out.  4  hra.  5  mins. — ^block  down  on  northeast  side  of  bracket,  exposing  rest  of 
bracket  steel.  4  hrs.  10  mins. — ^mortar  joints  project  ^  in. ;  tile  appears  to  be  about 
3  in.  thick.  4  hrs.  15  mins. — block  down  on  southeast  side  of  bracket;  both  ndes  of 
south  bracket  now  exposed;  bracket  steel  glowing  dull  red.  4  hrs.  20  mins. — blocks 
on  east  and  west  faces  tilting  out  from  steel  at  7  ft.  up;  surface  checks  appear  to  be 
about  I  in.  deep.  4  hra.  30  mins. — nearly  all  of  block  down  on  west  6  to  7  ft.  up; 
all  fell  on  east,  from  4  ft.  up  to  top  of  column,  on  south  from  z  to  6  ft.  up,  expoong 
flange  for  5  ft.,  also  down  on  north,  xo  to  1 1  ft.  up.  4  hn.  33  mins. — ^maximum  expan- 
sion. 4  hra.  39  mins. — all  blocks  down  on  west  from  i  ft.  up  to  top.  4  hra.  30  mins. — 
alight  deflection  to  northeast  noted,  increasing  to  ^  in.  at  4  hra.  41  mins.  4  hra.  43X 
mins. — failure  with  buckling  to  east,  maximum  at  5  ft.  above  base. 

After  failure, — ^Exposed  coltunn  flange  cm  south  greatly  oxidized  during  test 
Gypsum  blocks  shrunken  to  thickness  of  s}i  to  3K  u^*  Surface  of  blocks  checked 
into  }i'in,  squares,  cracks  extending  inward  to  depth  of  iX  to  s  in.  from  surface  on 
ades  and  to  3K  at  comera,  the  comer  cracks  extending  in  diagonally.  Gypsum  in 
this  zone  is  brownish  green.  Further  in  gypsum  is  much  more  crumbly  than  new 
material,  showing  that  the  heat  had  affected  it.    (Figs.  74  and  127.) 

Tbst  No.  65.  Platb  and  Channbl.  3-in.  wsstsrn  oypsum  block  (scud);  scud 
OTPSX71I-BLOCK  viLL. — 1 1  mins. — fine  surface  checks  b^;inning  to  develop.  33  mins. — 
a  few  fine  cracks  and  slight  comer  spalls;  surface  checks  more  distinct,  forming  in 
yi  in.  squares.  39  mins. — a  few  vertical  joints  open  ^in.  48  mins. — surface  checks 
•^  in.  wide  by  ^  in.  deep,  distinct  thiougl|out  courses;  cracks  X  ^*  deep;  some 
comera  (q>alled  X  ia*  back,  comera  generally  n^^ged.  i  hr.  5  mins. — cracks  in  all 
joints  about  ^  in.  wide;  surface  checks  }4  in*  wide,  i  hr.  30  mins. — shrinking  of  tile 
apparent,  mortar  joints  project  -^  to  >^  in.;  cracks  in  joints  now  yi  in.  wide,  i  hr. 
45  mins. — ^block  fell  on  west  4  to  5  ft.  up,  exposing  edges  of  flanges,  i  hr.  49  mins. — 
block  fell  on  south  5  to  6  ft.  up;  mortar  in  joints  projects  out  generally,  >^  to  fi  in. 
2  hra. — ^blocks  fell  on  north  3  by  6  ft.  up,  ^teel  still  covered  by  mortar.  2  hra.  5 
mins. — blocks  fell  on  east  3  to  6  ft.  up,  on  west  3  to  5  ft.  up;  three  top  courses  still 
intact.  3  hrs.  9  mins. — blocks  down  on  south  and  west  5  to  6  ft.  up.  2  hra.  10 
mins. — edges  of  flanges  exposed  where  blocks  have  fallen,  but  steel  plates  are  covered 
with  about  x  in.  of  mortar  in  all  cases.  3  hra.  i3  mins. — block  down  on  west  6  to  7 
feet  up;  piece  fallen  on  northwest  comer  at  bracket.  2  hra.  X7  mins.— mortar  in 
joints  projects  yiin.  2  hra.  30  mins. — maximum  expansion;  mortar  fallen  on  north 
exposing  steel;  blocks  down  on  north  and  west  7  to  8  ft.  up.  2  hra.  xx  mins. — center 
deflection  less  than  H  ^*  ^  lu«-  3iX  mins. — failure  with  local  buckling^  about  3  ft. 
above  base. 

After  failure, — ^Blocks  shrunken  to  thickness  of  xX  to  1^  in.  Surfaces  of  blocks 
checked  into  j4  to  y^  in,  squares,  cracks  being  -^  to  >i  in.  wide  at  surface  and  K  to 
f^  in.  deep  on  ades;  cracks  at  comera  extending  in  diagonally  i  to  iX  in*  Outer 
dehydrated  surface  quite  firm  and  greenish  in  color  in  places;  hardness  extends  to 
ixmer  zone  of  checking  where  color  changes  from  white  to  brownish.  Gypsum  farther 
in  is  softer  than  material  not  exposed  to  fire.  Galvanizing  on  corrugated  sheet-metal 
ties  placed  in  the  joints  was  removed;  otherwise  they  were  not  oxidized  or  corroded. 
(Figs.  74  and  X38.) 
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Tbst  No.  66.  LATTicm> Channel.  2-in.  bastsrn  gypsum  block  (solid);  poursd 
OYPSUM  9ILUNO. — 15  mins. — ^finc  surface  checks  beginnings  to 'develop.  30  to  40 
inins. — surface  checks  more  distinct,  forming  in  X  to  i  in.  squares,  mostly  in  lower 
half.  I  hr.  15  mins. — joints  open  to -^  in.  increasing  to  >{  In.  at  z  hr.  35  mins.  z  hr. 
35  mins. — ^mortar  in  joints  project  -fg  m.  2  hre. — surface  checks  now  cover  whole 
surface,  and  are  X  ^-  ^  >^  in.  in  depth;  joints  open  to  H  ^*  maximum.  2  his,  5 
mills.— block  on  .east  5K  ft-  up>  tilting  out  X  ^  •  at  top.  2  hrs.  14  mins.-— small  spall  on 
southwest  comer  at  bracket,  block  bdow  bracket  on  west  tilting  out  at  top.  2  hrs.  15 
mins.— bkKk  down  on  east  in  4th  course,  exposing  lattice  bars  where  unprotected  by 
filling.  2  hrs.  22  mins. — block  feU  on  east  8th  course,  exposing  steel.  2  hrs.  26 
mins.— blocks  fell  on  north  i^  to  5X  ft-  ^V»  exposing  steel.  2  hrs.  30  mins.— block 
fell  on  south,  4th  course  up,  exposing  steel.  2  hrs.  32  mins.— maximum  expansion; 
blocks  fell  on  south  and  west  2d  course  up.  2  hra.  33  mins.— center  deflection  less  than 
}i  in.  2  hrs.  36  mins. — failure  with  local  buckling  about  3X  ft-  above  base,  causing 
column  to  deflect  to  west. 

After  failure. — Filling  fairly  full,  but  has  some  pockets,  2  in.  deep;  filling  extends 
out  between  lattice  bars,  but  not  much  beyond ;  very  crumbly  where  exposed.  Blocks 
shrunken  to  thickness  of  iJ4  ins. ;  little  change  in  color.  Surface  checks  are  ^  in. 
wide  at  surface  and  X  "i-  to  K  ^-  deep.  Strips  of  wire  mesh  in  joints  not  greatly 
oxidized.    (Figs.  74  and  128.) 

TBST  No.  67..  ROLL8D  H.     4-IN.  BASTBRN  GYPSUM  BLOCK  (SOUD);  POURBD  OYPSUIC 

vnxiNG. — 17  mins. — fine  surface  checks,  forming  in  i-in.  squares  beginning  to  show. 
34  mins. — surface  checks  more  marked,  1^  to  ^  in.  wide ;  checking  most  pronounced  in 
lower  half,  i  hr.  5  mins. — surface  checks  X  ^-  deep  and  yito  J4  m,  wide;  comer 
cracks  X  to  z  in.  deep  and  1  to  2  in.  long,  z  hr.  20  mins. — ^jcnnts  beginning  to  open  up; 
several  horizontal  cracks  z  in.  deep  across  faces;  surface  diecks  now  forming  in  ^to  X 
in.  squares,  z  hr.  50  mins. — very  little  change;  surface  diecks  X  to  3^  in.  deep  are 
general.  2  hrs.  zo  mins. — a  few  mortar  joints  project  ^  to  yiin.  2  hrs.  21  mins. — 
pieces  of  comers  at  bracket  spalled.  2  hrs.  40  mins. — ^joints  open  to  ^  in. ;  surface 
checks  ^  in.  deep  and  X  i^-  wide.  3  hrs.  45  mins. — mortar  in  joints  projects  X  io-» 
vertical  joints  open  to}/iin.,  little  change  in  surface  checks.  4  hrs.  40  mins, — ^mortar 
projects  to  K  i»- 1  otherwise  little  change.  4  hrs.  52  mins. — ^top  of  block  tilts  out  z  in. 
on  ncMlh  Sy^  ft.  up.  4  hrs.  54  mins. — ^blocks  fell  on  south  3d  and  4th  courses;  mortar 
still  covers  steel  quite  generally;  piece  of  block  4  in.  wide  also  down  at  southwest  cor- 
ner in  5th  course;  joints  near  top  open  -f^  in.  5  hrs.  z  min.— maximum  expansion. 
5  hrs.  5  mins. — ^blocks  next  to  those  fallen  tilt  away  from  steel;  steel  now  exposed  on 
south  3  to  4  ft.  up.  5  hrs.  7  mins. — ^blocks  down  on  west  3d  to  6th  course,  exposing 
filling  and  flange  edges.  5  hrs.  13  mins. — ^block  fell  on  west  2d  course;  west  edge 
of  flange  exposed  4  to  6  ft.  up ;  little  change  after  this  until  failtire.  5  hrs.  3z>^  mins. — 
failure  with  local  buckling  about  4  ft.  above  base. 

After  failure. — Fill  fairly  full,  but  has  some  pockets  2  in.  deep;  mortar  where  still  in 
place,  covers  flanges  X  to  x in.;  steel  fluxed  for  30  in.-length  near  point  of  failure; 
edges  of  flanges  attacked  where  exposed,  imaffected  where  not  exposed ;  strips  of  wire 
me^  oxidized  through  where  they  had  been  exposed  to  the  fire;  blocks  shrunk  to 
thickness  of  3^  to  3H  i^s.  Surface  check  cracks  formed  in  X  to  >^  in  .squares,  cracks 
•^  to  -^  in.  wide  at  surface  and  generally  2  in.  deep,  although  some  extend  completely 
through  blocks;  radial  cracks  at  comers  2X  ^-  deep.  Block  colored  brownish  yellow 
in  outer  z  in.,  further  in  stained  dark  from  oxidation  of  wood  fiber.    (Figs.  75  and  129.) 

Tbst  No.  67  A.  RoLLBD  H .   4-1N.  bastbrn  gypsum  block  (solid);  pourbd  gypsum 

fiLUNO. — z5  mins. — ^fine  suiface  checks  beginning  to  show;  fine  cracks  on  ends  of 

blocks.    45  mins. — surface  checks  forming  in  X  to  1  in.  squares,  most  pronounced  on 

west,    z  hr.  30  mins. — vertical  joints  opening  slightly.    2  hrs. — cracks  in  both  vertical 
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and  horizontal  joints  opening  up  pefoq>tibly;  surface  checks  }i  in.  deep.  3  hrs. — 
vertical  joints  near  middle  of  column  open  to  X  ^-  3  1^^*  3^  mins. — all  joints  open 
iirom>i  to  ><  in.;  mortar  joints  project  ><  in.;  minor  spalling  from  cocnecs.  4lu8.--all 
blocks  have  shrunk  considerably;  joints  open  >i  to  X  in.  4  his.  30  mins. — sqiaU 
pieces  spalling  from  comers;  larger  piece  fallen  fiom  northwest  corner,  7  ft.  up.  5 
hrs.  15  mins.— edge  of  bracket  steel  exposed  on  south  side.  5  hrs.  15  mins.  to  5  hrs. 
45  mins.— considerable  spalling  at  comers.  5  his.  45  mins. — maTinrnm  expansion. 
5  hrs.  56  mins. — blocks  down  on  north  2d  and  3d  courses,  and  on  west  ad  course;  steel 
exposed.  6  hrs.  14  mins.—- blocks  now  down  on  north  from  bottom  to  5>i  ft.  up.  6 
hrs.  30  mins. — blocks  down  on  east  ad  course  and  on  south  3d  course.  6  hrs.  az  mins. — 
block  down  on  west  7th  course.  6  hrs.  zo  mins. — slight  deflection  to  southwest  in- 
creasing to  ^  in,  at  6  hrs,  16  mins.  6  hrs.  2^}4  mins.— failure  with  buckling  to  soi^, 
maximum  at  4X  ft*  above  base. 

After  failure, — Pilling  fairly  full.  Column  flange  on  north  greatly  oxidized  for  3 
ft.  near  point  of  failure.  Blocks  shrunk  to  thickness  of  ^J^  to  3^  in.;  gypsum  very 
crumbly.    Surface  checks  }4  ^'  wide,  extend  in  to  depth  of  a^t  in.  (Figs.  75  and 

130.) 

(g)  BRICK  PROTECTIONS 

Test  No.  68.  Roxxed  H.  aX-iN.  Chicago  common  brick  lait  on  edob;  brick 
Pnx. — 13  mins. — a  ntmiber  of  -^in.  cracks  in  joints.  15  mins. — some  cracking  and 
spalling  at  comers.  16  to  x8  mins. — several  vertical  cracks  developing  in  middle 
sections,  one  on  north  face  fj  ^-  wide,  a  ft.  long.  a3  mins. — ^brick  fell  on  east  from 
S}4  to  &}4  ft.  up,  exposing  north  flange  to  depths  of  from  z  to  3  in.  back  from  edge.  a6 
mins. — ^brick  fell  an  west,  4  to  S}4  ft.  up,  exposing  south  flange  for  width  of  z  in.« 
bricks  bulged  out  X  ^^  ^^^^"^  flanges  an  north  and  south  in  this  region,  increasing  to 
yi  in.  at  36  mins.  36  mins. — brick  in  upper  third  cracked  somewhat;  brick  almost 
intact  up  to  33^  ft.  above  base,  z  hr.  4  mins. — very  little  change,  bulging  in  middle 
sliglhtly  increased,  i  hr.  10  mins.— maximum  expansLon.  x  hr.  ao  mins.-— slight 
deflection  to  southeast  noted,  increasing  to  X  ui.  at  z  hr.  37  mins,  z  hr,  4oXmins. — 
failure  with  local  buckling  6)4  to  8  ft.  above  base. 

After  failure, — Brick  sdft  and  crumbly  and  cracks  readily.  Mortar  joints  appar- 
ently qtdte  full.    (Figs.  76,  zz8,  and  z66.) 

Tbst  No.  69.  Roixbd  H  .  sH'^-  Chicago  common  brick  laid  plat.  Brick  fill. — 

First  Test, — ^Ttouble  with  one  gas  burner  developed  soon  after  start  of  test  and  gas 
was  shut  off  at  37X  mins.  Test  postponed  for  two  days.  Column  observed  after 
test  was  discontinued.  One-half  to  two-thirds  of  brick  cracked  through  vertically 
inoneormoreplaces,  cracks  from  very  fine  to  </^  in.  wide.  Slight  flaking  and  spalling 
of  comers  noted.  Temperature  of  steel  at  end  of  test  45®  C,  attaining  a  maximum 
of  z4o°  C,  3  hrs.  ao  mins.  later. 

Second  Test. — z  hr.  30  mins. — slight  flaking,  zio  spalling;  cracks  developed  in  first 
test  not  opening  up.  3  hrs.  30  mins. — no  cracks  over  ^  in.,  brick  flaking  off  at 
comers.  3  hrs.  47  mins.— cracks  are  vertical  and  generally  very  fine,  maximum 
•^  in.  and  not  more  than  a  ft.  in  length.  4  hrs.  z6  mins. — ^very  little  change,  cracks 
open  to  >^  in.  maximum;  no  fusion.  4  hrs.  5a  mins. — decided  fusion  in  lower  3  ft. 
only.  5  hrs.  ao  mins. — maximum  expansion.  5  hrs.  38  mins. — fusion  extended  up 
to  6  ft.,  fused  brick  run  down  to  base  at  comers.  6  hrs.  zo  mins.— fusion  up  to  zo  ft. 
above  base.  6  hrs.  2^  mins. — fusion  extends  up  to  zz  ft.  above  base;  no  spalling, 
except  surface  flaking,  occurred  before  failure.  6  his. — slight  center  deflection  to 
west  noted,  increasing  to  ^  in.  at  7  hrs.  zi  min.  7  hrs.  Z3^  mins. — failure,  with 
buckling  to  west,  maximtun  at  5}^  iU  above  base. 

After  failure. — Fusion  at  bottom  fluxed  away  about  ^  in.  of  brick.  Brick  at  bracket 
had  just  begun  to  fuse.    (Figs.  76,  Z3Z,  and  z68.) 
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<k)  SBOnOBCBD-COHCBBTB  COLUMNS 

Test  No.  70.  Squaus  Vi^rtically  IUenporcbd;  umbstone  concrsts.— 16 
mins. — comers  of  colunm  glowing  slightly  in  lower  3  ft.  34  mins. — column  lumi- 
nous entire  length;  slight  flaking  on  comers  near  bottom,  i  hr.  11  mins. — fine  ver- 
tical crack  on  east,  a  to  3  ft.  up.  i  hr.  aS  mins. — similar  crack  6  in.  long  i  ft.  from 
base.  3  hrs.  2  mins. — similar  crack  on  east,  13  in.  long  near  middle  of  column.  5 
hrs. — maTJmiim  expansion.  6  hrs.  39  mins. — ^fine  vertical  cracks  with  ends  running 
horizontally  to  oomefB  appeared  on  various  faces.  7  hrs.  50  mins. — cracks  on  east 
opening  sli^itly ;  also  a  few  additional  fine  cracks.  8  hrs. — coltunn  still  supporting 
working  load  with  no  apparent  change;  no  spalling.  8  hrs.  i  min. — ^load  increased 
with  fire  going  until  failure  occurred  tmder  294  000  lbs.  about  11  ft.  above  base,  at 
8  hrs.  4o>^  mins. 

After  failure. — Concrete  near  outside  calcined,  but  had  hard  surface  due  to  partial 
fusion  of  the  sand  in  the  concrete.    (Figs.  76  and  133.) 

Test  No.  71.  Square  Verticaixy  Reinforced;  trap  concrete. — 30  mins. — 
column  glowing  entire  length.  3  hrs.  40  mins. — maximtun  expansion.  3  hrs. — ^fine 
vertical  cracks  on  east  and  west  near  bottom.  3  hrs.  10  mins. — slight  flaking  at 
comers  near  middle .  4  hrs.  10  mins. — ^the  fine  cracks  on  east  and  west  faces  extending 
in  length.  4  hrs.  40  mins. — several  additional  fine  cracks  on  east  and  west  faces, 
4  to  34  in.  long.  Very  little  change  before  failure;  no  spalling.  5  hrs. — slight 
deflection  to  north  noted,  increasing  to  >^  in.  at  7  hrs.  33  mins.  7  hrs.  33^  mins. — 
failure  by  compression  about  5  ft.  above  base,  reinforcing  bars  buckling  outward. 

After  failure. — Concrete  fused  to  average  depth  of  i  in.  up  to  yj/i  ft.  above  base; 
incipient  fusion  from  7>^  to  9  ft.  up,  no  fusion  above.  Concrete  dry  and  loose  in 
texture  at  top.  Bars  apparently  straight,  except  where  buckled  at  point  of  failure. 
Concrete  cracked  at  bars  at  some  points,  but  in  general  its  condition  at  the  comers 
was  about  the  same  as  at  the  middle  of  the  sides.    (Figs.  77, 133,  and  169.) 

Test  No.  73.  Round  Vertically  Reinforced;  limestone  concrete. — 30  mins. — 
slight  surface  flaking,  i  hr. — column  glowing  entire  length.  5  hrs. — ^maximum 
expansion.  5  hrs.  36  mins. — no  spalling  or  cracking  noted.  7  hrs.  55  mins. — a  few 
cracks  noted  on  east  and  west  faces  ^  to  >^  in.  wide  and  3  to  10  in.  long,  as  follows: 
On  east  at  3  and  8  ft.  up,  on  west  at  3  and  6  ft.  up,  and  at  bracket.  8  hrs. — coltmin 
still  supporting  working  load  with  no  apparent  change;  no  spalling  and  but  few 
cracks,  as  noted;  deflection  less  than  ^  in.  8  hrs.  3  mins. — ^ioad  increased  with  fire 
going  until  failure  occurred  under  350  000  lbs.,  about  6  ft.  above  base,  at  8  hrs.  4j/i 
mins.,  reinforcing  rods  buckling  outward. 

i4/^ /at /ure.— Surface  hard  immediately  after  test  due  to  partial  fusion  of  sand. 
A  few  days  after  test  concrete  flaked  off  to  depth  of  i  in.  due  to  calcination  of  lime- 
stone.   (Figs.  77,  134,  and  170.) 

Test  No.  73.  Round  Vertically  Reinforced.  Trap  concrete. — 19  mins. — 
piece  of  concrete  about  8  in.  wide  and  }^  in.  deep  spalled  on  west  3  ft.  above  base. 
No  cracking  or  other  spalling  noted  before  failure .  Furnace  gases  very  heavy ,  making 
observation  difficult;  deflection  not  measured.  4  hrs.  10  mins. — ^maximum  expan- 
sion. 7  hrs.  $jj/i  mins. — failure  at  3  to  4  ft.  up,  concrete  crushing  and  shearing  on 
inclined  planes;   reinforcing  bars  buckled  outward. 

After  failure. — Concrete  fused  to  depth  of  i  in.  at  break,  fusion  being  more  decided 
in  lower  than  in  upper  half.  Little  or  no  concrete  had  run.  A  large  number  of  fine 
vertical  and  horizontal  cracks  present  more  or  less  over  whole  surface  of  coltunn. 
(Figs.  77  and  135.) 

Test  No.  74.  Hooped  Reinforced;  limestone  concrete. — 40  mins.— no  spalling 
or  cracking  noted.  53  mins. — two  fine  cracks  3  in.  long,  on  west,  5>^  ft.  up,  opening 
to  </^  in.  wide  and  10  in.  long  at  3  hrs.  36  mins.    5  hrs.  50  mins. — maximum  expan- 
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taxm,  6  his.  50  mms.^^evexal  cracks  yi  in.  wide  and  abcmt  8  in.  long  at  2K  ft.  up, 
and  one  crack  -^  in.  wide  and  8  in.  long  on  east,  5K  ft.  up ;  no  cracks  above.  8  hrs. — 
column  still  supporting  working  load  with  no  apparent  change;  no  spalling;  deflec- 
tion less  than  >i  in.  8  hrs.  $  mins. — ^load  increased  with  fire  going  until  failure 
occtured  under  343  000  lbs.  about  3  ft.  above  base,  at  8  hrs.  tyi  mins. 

After  failure. — Eight  breaks  in  spiral  reinforcement  occurred  near  failure  point. 
Vertical  bars  buckled  out  3  in.  Concrete  spalled  outside  of  spiral  3  to  4  ft.  up ;  other- 
wise no  plane  of  cleavage  at  spiral.    (Pigs.  77,  136,  and  171.) 

Tbst  No.  75.  Hooped  RsmFORCSD.    Trap  concrete.— 

First  7«<.— Gas  shut  off  after  30  mins.  to  repair  biuner  and  test  postponed  till  next 
day;  coltunn  apparently  not  affected. 

Second  Test. — ^36  mins. — column  glowing  dull  red  for  full  length.  40  mins. — ^fine 
vertical  crack,  4  in.  long,  on  southeast  $}4  ft.  up,  increasing  to  13  in.  long  at  i  hr. 
45  mins.  I  to  3  ^hrs. — some  six  or  eight  fine  cracks,  3  to  13  in.  long  noted  in  lower 
half.  3  hrs.  30  mins. — all  cracks  opening  slightly.  3  hrs. — many  very  fine  cracks 
on  all  surfaces.  4  hrs.  50  mins. — ^maximum  expansion.  6  hrs.  35  mins. — cracks 
opened  somewhat;  observadon  difficult.  8  hrs. — coltunn  still  supporting  working 
load  with  little  apparent  change;  no  spalling;  deflection  at  8  hrs.  less  than  yi  in. 
8  hrs.  lyi  mins. — ^load  increased  with  fire  going,  failure  occurring  under  load  of  163  000 
lbs.,  about  3  ft.  above  base,  at  8  hrs.  \%  mins. 

After  failure. — Concrete  fused  to  a  depth  of  iK  in.  up  to  11  ft.  above  base;  concrete 
fluxed  off  to  depth  of  i  in.,  7  to  9  ft.  above  base.  No  fusion  in  upper  i>^  ft.  due  to 
excess  of  mortar  near  surface.  Failure  apparently  due  to  yielding  of  spiral,  although 
no  break  in  it  occtured.  Vertical  bars  buckled  out  i  in.  at  failure  point.  Concrete 
outside  of  spiral  shells  off  readily.     (Figs.  77  and  137.) 

Note. — For  tests  Nos.  76  and  77,  see  under  paragraph  {c)  above,  hollow  clay-tile 
protections,  after  test  No.  63. 

(>)  TIMBER  COLUldNS 

Test  No.  78.  Long-leaf  Pine  with  Cast-iron  Cap  and  Pintle;  protected  by  a 
i-iN.  LAYER  OP  Portland-cement  plaster  on  metal  lath.— 5  to  8  mins.— vertical 
cracks  in  lower  half  near  northwest  and  southeast  comers  open  to  ^  in.  and  3  to  5 
ft.  long.  9  mins. — ^vertical  crack  at  northeast  comer  at  bracket  A  in.  wide,  12  in. 
long,  z  I  to  40  mins. — finish  coat  bulging  out  and  spalling  in  lower  half  on  north  and 
south  sides.  16  mins. — crack  at  bracket  on  west,  >i  by  8  in.  30  mins. — crack  at 
pintle,  northeast  comer,  open  yi  m.  44  mins. — yi  in.  vertical  crack  near  northeast 
comer  lyi  to  6K  ft.  up.  53  mins. — ^lath  and  supporting  channel  buckle  out  lyi  in. 
on  south  side  at  west  comer,  4  ft.  up.  55  mins. — cracks  at  bracket  on  northwest  comer 
open  ^  in.,  on  southwest  comer  yi  in.  57  mins. — spurts  of  flame  issue  at  southwest 
comer  where  lath  buckled  out.  58  mins. — crack  at  bracket  on  northeast  comer  open 
fj  in.,  on  southeast  open  -^  in.  i  hr.  13  mins. — ^flames  issue  from  cracks  at  bracket 
on  west;  flames  free  and  full  at  southwest  comer,  4  ft.  up.  i  hr.  3z  mins. — plaster 
spalled  to  lath,  8  by  Z3  in.,  on  west,  2%  ft.  up;  flames  issue  at  this  point,  z  hr.  34 
mins. — flames  issue  from  crack  at  bracket  on  northeast  comer,  i  hr.  57  mins. — head 
of  column  going  down  quite  rapidly;  coltmm  cap  apparently  level;  crack  noted  in 
plaster  at  base  of  cap.  z  hr.  58  mins. — plaster  spalled  to  lath,  Z3  by  13  in.  on  east, 
2  ft.  up.  a  hrs.  6  mins. —  cap  still  level.  3  hrs.  8  mins.— little  change  in  plaster  dur* 
ing  past  50  mins.,  except  as  noted,  a  hrs.  9  mins.— small  piece  of  plaster  spalled  on 
northwest  comer,  at  lower  part  of  bracket.  Settlement  of  top  of  coltmm  due  to  heat- 
ing of  cap  t^  in.  at  z  hr.  zo  mins.,  yim.Bti  hr.  50  mins.,  lyi in.  at  3  hrs.,  and  3X  ii^« 
at  3  hrs.  Z5  mins.  (See  Fig.  47.)  3  hrs.  zsX  min.—  failure,  due  to  cracking  of  cap. 
a  hrs.  Z7  mizis. — ^water  applied  to  column  extinguishing  flames  at  a  hrs.  sz  mins. 
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After failMte, — Cap  bioken  into  three  pieces  by  two  transverse  cracks  ^ciosa  middle 
portioo.  A  3  by  a  by  >^  in.  chip  bioke  off  bottom  edge  of  pintle  on  north.  Beam 
ends  charred  to  d^th  of  x  in.  on  sides  and  ends;  inner  surface  snrrcranding  pintle 
scarcely  charred.  Sides  of  column  charred  to  depth  of  xX  in.  in  lower  two-thirds  and 
to  about  X  In.  toward  top,  minimum  section  of  unbumed  wood,  about  8  by  8  in. ; 
vertical  cracks  ou  sides  extend  inward  not  over  yi  in.  Top  bearing  surface  of  column 
not  chaired  except  for  X  ui-  At  edges,  but  was  crushed  and  fraytd,  the  fibers  being 
bent  out  over  3  in.  beyond  sound  wood  at  the  sides,  and  pushed  up  a  to  3  in.  Into 
cracks  in  cap.  A  piece  was  sawed  from  southwest  comer  of  top  and  fibers  were  found 
to  have  been  crushed  and  turned  over  for  a  depth  of  i^i  In.  bek>w  surface.  Wood 
crushed  down  on  northwest  ooaier  2  in.  more  than  on  south  side  of  bearing  surface, 
due  to  pintle  bearing  on  this  side  and  transmitting  the  blow  from  rdm  at  failure 
Length  of  colusnn  below  cap  before  test»  zz  ft.  xK  u»»;  average  after  test,  10  ft.  9  in.; 
decrease  in  length,  4K  u^*    (Fig>-  79*  Z40i  and  47*) 

Tbst  No.  79.  LoNo-i<EAF  Pms  with  Cast-iron  Cap  and  Pintls;  UNPROTacrSD.— 
3  mins.— surface  of  column  blazing  in  lower  3  ft.  3  mina.— fine  horizontal  checks  due 
to  charring  appeared.  9  mins. — odumn  faming  all  over,  xx  mins.— three  or  four 
vertical  cracks  begixming  to  show  near  middle  of  eadi  side,  ^  in.  wide.  z8  to  33 
mins.— horizontal  cracks  showing  in  beam  ends  at  top  increasing  to  K  in.  a{  33  mixis. 
37  mins.— horizontal  checks  ^  in.  wide  and  xK  '^^'  apart  quite  general.  30  mins. — 
lazy  reddish  flames  from  combustion  of  wood  envelop  whole  colunm.  33  mins. — 
vertical  cracks  in  charred  column  generally  H  ia>  wide.  43  mins.— head  of  colunm 
ginng  down  fast,  but  no  visible  sign  of  distress.  44  mins. — vertical  cracks  H  In-  wide; 
horizontal  checks  }i  in.  wide.  Settlement  of  head  of  column  due  to  heating  of  cap 
^  in.  at  35  mins.,  i}i  in.  at  40  mina.,  and  3tV  ui-  at  46  mins.  (See  Fig.  47.)  50 
mins.— failtu-e  due  to  cracking  of  cap. 

After failufe, — Cap  broken  into  two  pieces,  cracking  transversely  at  center.  Pintle 
intact  except  for  alight  rounding  of  lower  bearing  surface.  Beam  ends  charred  to 
depth  of  zK  ui.  cm  sides  and  ends;  ixmer  surface  surrounding  pintle  barely  scorched. 
Sides  of  oolfunm  charred  to  depth  of  zX  in- 1  mininmm  section  of  unburn^  wood  8K 
by  8K  In*  Vertical  cracks  on  sides  extend  inward  to  a  depth  of  f<  in.  below  sound 
wood.  Colunm  spHt  in  two  In  upper  3  ft.  due  to  end  of  pintle  being  forced  down 
through  cap  into  top  of  colurmi  at  failure.  Top  bearing  surface  very  little  charred 
but  fibers  crushed  and  broomed,  forced  outward  3  In.  beyond  stdes^  also  down  into 
ctack  in  column  and  up  into  crack  in  cap.  Fibers  tough  and  ropy  and  bent  over  for 
akngtiiof  3in.  Length  of  column  before  test,,  xi  ft.  x^  in.;  average  after  test,  zoft 
7^  in. ;  decrease  in  length,  6  in.    (Figs.  80,  X40,  and  47.) 

TSST  No.  80.  LoNO-LSi«  PiNB,  WITH  STB8L*PLAT9CaP  ANDTlMBBR-STRinr  BBARINO; 
OCH^UMN  AND  CAP  PROTXCTBD  BY  ONB  THXCKNBSS  Of  H-JVl.  OYPSUM  WAU,  BOARD. — 

z  min.— kalaomine  burned  off,  showing  filler  in  joints  and  nailing.  5  mins. — paper  on 
outer  surface  of  wall  board  charring  and  flaking,  about  one-half  off  at  7  mins.  X5  mins. 
—about  two-thirds  of  outer  paper  now  off;  no  curling  of  wall  board.  x6  to  x8  mins. — 
osadcs  noted  near  comers  at  bracket  an  east  and  west  sides,  up  to  >^  in  wide,  extend- 
ing and  increasing  to  K  rn*  on  west  at  36  mins.  19  to  35  mins. — horizontal  cracks 
developed  on  north,  south,  and  west  faces  from  i  to  4  ft  up;  wood  burning  freely  at 
cracks,  also  a  little  akng  oocners.  37  mins.— comer  beading  buckled  out  at  several 
plaoes,  corners  burniiig  freely  up  to  7  ft.  above  base  and  to  top  at  40  xniiis.  3rmins.— 
cracks  and  free  burning  of  wood  on  east  face  to  g}4  ft  up.  33  mins. — about  two-thirds 
of  wall  board  on  west  side  of  cap  fell,  exposing  steel.  35  mins.— board  fell  at  cap  on 
east,  exposing  all  of  steel.  37  mins. — ^board  in  lower  half  buckled  out  at  comers; 
horisontal  ciadcs  about  z8  in.  on  centers  on  all  sides  with  free  burning  of  wood.    4x 
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to  54  mills. — board  fell  off  in  places,  exposing  wood;  at  end  of  this  period  wood  was 
exposed  on  north  at  4  ft.  up,  on  east  9  to  S  ft.  np,  and  on  south  a  to  zo  ft.  up;  board 
remaining  in  place,  much  shattered,  z  hr.  3  mins.— continued  cracldng  and  falling 
of  board;  steel  cap  slanting  slightly  to  north,  z  hr.  6  niins.—«ll  board  down  on  north 
a  to  4ft.  and  7  to  S  ft  up;  on  west  fh>m  4  ft  up  to  top.  z  hr.  lomins.— ci^  tilted,  south 
edge  dropped  i}4  in.  Settlement  of  top  of  cohimn  due  to  heating  of  cap  •^  in.  at  zs 
niins.,Xin.  at4oniins.,anda>iin.atzhr.  zomins.  zhr.  Z3  mins.— failure  by  tilting 
of  cap,  and  slipping  of  same  on  top  bearing  strut,  column  and  ci^  being  carried  to 
north. 

i4/fof /oilMfv.— Side  plates  of  cap  bent,  also  inner  bolt  on  south  side;  bearing  plate 
dished  up  z  in.  at  middle.  Strut  did  not  slip  and  its  upper  bearing  surface  was  unin- 
jured; sides  of  strut  charred  to  depth  of  yi  In.,  lower  bearing  surfaee  of  strut  charred 
about  X  hi.  on  edges,  brown  over  rest  of  area.  Fibers  craved  and  bent  over  i}4  to 
3  in.  Strut  cracked  by  longitudinal  shearing.  Sides  of  column  charred  to  depth  of 
itoxyi  in.;  minimum  section  of  unbumed  wood,  9fj  by  8^  in.;  vertical  cracks  burnt 
in  K  to  z  in.  deeper.  Top  bearing  surfoce  of  column  charred  only  at  edges;  surface 
convex,  middle  being  about  H  ^*  higher  than  edge;  fibers  crushed  and  bent  over  to 
south  for  depth  of  about  yi  in.;  bearing  surfkice  smooth  and  hard.  Length  before 
test,  za  ft  9  in.;  average  after  test,  za  ft  z  in.;  decrease  in  length,  z  in.  (Pigs.  8i,z4z> 
and  47O 

Tbst  No.  Sz.  Lono-lbaf  Pikb  with  STB9L-PtATS  Cap  and  TtMBSR-Sntur 
Bbarino;  UNPKOT0CTSD.«"-a  mins.— «irface  of  cotumn  blazing,  lower  3  ft.  6  mins.— 
columns  burning  freely  on  south  and  west,  lower  half.  5  mins. — a  few  vertical 
cracks  near  middle.  8  mins. — column  charred;  irregular  surface  cheda  -^in.  wide, 
quite  general.  z6  mins.— several  vertical  cracks  yi  in.  wide  on  all  sides;  vertical 
cracks,  A  in.  wide.  19  mins. — gases  heavy,  making  observation  difficult.  38  mins. — 
color  noted  in  cap.  34  mins. — ^all  cracks  about  }i  in.  wide;  settlement  of  top  of 
coltimn  due  to  heating  of  cap  -f^  in.  at  ao  mins.,  increasing  to  4i  in*  ftt  30  mins.,  and 
ziV  ui.  at  34  mins.  35  mhis.— f^ure  with  top  of  coliunn  sliding  to  south  and 
ywaX\  fire  kept  burning  until  43K  mins.,  as  it  was  not  posnble  to  ascertain 
definitely  if  failure  had  taken  place,  owing  to  heavy  smoke;  column  yielded  quite 
gradually,  only  slight  report  heard  at  failure.  45  mins.^i^acter  applied  to  column 
extingukhing  flames  completely  at  55  mins. 

A/<0r/3»li«f».— Upper  part  of  side  plates  of  cap  bent  toward  the  east;  bearing  plate 
dished  up  K  ui.  at  middle.  Strut  did  not  slip  and  its  upper  bearing  surface  was 
uninjured;  lower  bearing  surface  of  strut  charred  to  depth  of  >^  in«  and  fibers  crushed 
and  bent  over  to  depth  ot  y^io  1  in.;  strut  split  by  Icngitudinal  idiearing.  Sides  of 
column  diarred  to  depth  of  z-^  in.;  mitiinnmi  section  of  unbumed  wood  9  by  9  in. 
Top  bearing  surface  of  o^umn  charred  not  deeper  than  y^  in.  except  at  edges;  fibera 
cnidied  and  bent  over  to  north  for  a  depth  of  about  j^  in.  Length  before  test,  la  ft 
a  in. ;  average  after  test,  za  ft.  i}i  in. ;  decrease  in  lengtii,  J^  in.  (Figs.  8z,  Z4Z,  and  47). 

TnsT  No.  8a.  Douoi«A8  Fnt  with  Cast-Iron  Cap  and  Fzntui;  unprotbctsd.— 
3  mins.— surface  of  column  blazing  in  kiwer  3  ft.;  horizontal  surface  chedcs  due  to 
charring,  lyi  in.  on  centers,  zo  mins.— column  blazizig  freely  all  over;  several  verti* 
cal  checks  on  all  sides,  ^  in.  wide,  small  pieces  of  charcoal  falling.  Z4  mins.*— 
horizontal  checks  -A*  ^  wide.  a4  mins* — horizontal  and  vertical  chedcs  about 
yi  in.  wide.  95  mizis. — column  fiamiag  all  over,  but  not  so  freely  as  pine  cnhmms  at 
this  stage.  36  mins.— i>ieces  of  charcoal  falling  off  under  cap,  indicatizig  rapid  drop- 
ping of  head  of  column.  38  mizis.*-cap  nearly  level;  no  color.  4Z  mins.— -bucklizig 
imder  cap  more  pronounced;  noise  heard  at  bearing.  4a >^  mins.— cap  still  nearly 
level.  44  mins.— wood  fibers  under  cap  appear  to  crush  and  buckle  out.  Settle- 
ment of  top  of  column  due  to  heating  of  cap  ^  in.  at  Z5  mins.,  z  in.  at  30  mins.,  3K 
in.  at  4Z  mins.,  and  %yi  in.  at  45  mins.    45K  mins.— failure  due  to  craddzig  of  cap. 
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AfUr  fcdlute, — Cap  broken  transversely  into  two  pieces.  Small  pieces  chipped 
from  outer  edge  of  pintle  on  southwe^  at  bottom;  otherwise  pintle  uninjured.  Beam 
ends  charred  on  sides  and  ends  to  maximum  depth  of  z  in.;  inner  surface  of  wood 
suffoimding  pintle  very  slightly  charred  in  places,  ^des  d  coLunm  charred  to  depth 
of  x^  in.;  minimum  section  cHf  imbumed  wood,  93^  by  0i  in.;  vertical  crads  did 
not  extend  into  uncharred  wood.  Top  bearing  surface  oi  column  chaned  not  more 
than  yi  in.  deep,  but  was  broomed  and  crushed;  fibers  bent  out  beyond  sides  of  col- 
umn, also  pnshed  up  3  in,  into  crack  in  cap,  A  piece  cut  out  of  southwest  corner 
showed  fibers  crushed  and  turned  over  3  to  3X  in-  below  bearing  surface ;  fibers  tough, 
hardly  scorched.  Length  befoce  test,  zx  ft.  zfj  in.;  average  after  test,  zo  ft.  6  in.; 
decrease  in  length,  7Hi&*    (^^  ^>  <4o,  and  47.) 

Tbst  No.  S3.  Dou<H«A8  Fnt,  wma  Stbsi^Platb  Cap  and  Tdcbbr-Strut  Bsar- 
iNo;  UNPROTBCTSD. — 2^  niins.**sitiA»e  of  cobmnt  blazing  lower  half;  top  just  begin- 
ning to  bum.  3  to  4  mins. — crackling  noises  heard.  5  mins. — column  blazing  all 
over.  Z5  mins.— very  little  blazing,  boidly  any  crackling,  ^secoodaiy  air  gate  found 
shut;  opened.  zS  mins.— 4iorizantal  surface  checks  yi  izu  wide,  z  in.  on  centeis; 
3  to  4  vertical  cracks  on  each  side  not  over  yi  in.  wide.  34  mins. — column  again 
burning  freely.  3Z  mins. — horizontal  checks  %  in.  wide.  37  mins.— vertical  cracks 
up  to  A  in.  wide;  very  fittle  crackling.  38  mins.^-eap  tilted,  south  edge  dropped 
ly^  in.;  settlement  of  top  of  o^umn,  due  to  heating  of  cap  ^  in.  at  Z4  mins.,  i^i  in. 
at  30  mins.,  and  3  A  in.  at  38  mins.  38^^  mins.— failure  with  top  of  column  sliding 
to  north  carrying  cap  with  it.  40K  mizis. — ^water  applied  to  column  eztinguishizig 
flames  completely  at  4$y^  mins. 

AfUrfailwrt, — Side  plates  of  cap  bent  outward  at  top,  also  iimer  bolt  on  north 
bent  out;  bearing  plate  dished  up  z  in.  at  middle  in  longitudinal  direction.  Strut 
did  ziot  slip,  and  its  upper  bearizig  surface  was  uninjured;  lower  bearing  surface  of 
strut  charred  to  depth  of  >{  in.  and  fibers  crushed  and  bent  over  to  north  maxi- 
mum of  X  In.  on  north  side.  Sides  of  column  charred  to  deptii  of  W  in.;  minimum 
section  of  unbiinKd  wood  ^yi  by  9K  in.;  top  of  bearing  smface  of  oohnnn  very  litde 
charred,  but  discolored  to  depth  o^  z  in.;  surface  opovex,  rounded  over  from  yi  to 
z  in,  at  edges;  fibers  crushed  and  ben,t  over  mostly  on  east  and  west  sides;  wood  quite 
soft  to  a  depth  of  X  ^Q-  Length  before  test,  iz  ft.  3  in.;  average  after  test,  zz  ft.  lyi 
in.;  decrease  in  length,  f^in.  (FSgs.  8t,  X41.  and  47). 

XI.  RESULTS  OF  FIRE  AND  WATER  TESTS 

1.  APPUBD  LOADS,  DURATION  AND  EFFECT  OF  FIRS  AND  WATER 

In  the  fire  and  water  test,  the  column  was  subjected  to  working 
load,  and  to  fixe  for  a  predetermined  period  not  exceeding  one 
hour,  after  which  a  hose  stream  was  applied  to  three  sides.  On 
cooling,  the  column  was  either  loaded  to  failure  or  subjected  to  an 
excess  load  equal  to  about  twice  the  load  sustained  dtning  the 
fire  and  water  periods. 

A  general  summary  of  applied  loads,  duration  and  relative 
intensily  of  fire  exposure,  duration  and  pressure  of  hose-stream 
application,  and  the  general  effects  of  fire  and  water  are  given  in 
Table  44.  Further  details  of  columns  and  protections  are  given 
in  Tables  4a  and  46  (p.  5i-"54)- 
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2.  PHOTOGRAPHIC  RSCORDS 

Views  of  the  columns  in  the  fire  and  water  series  at  several 
stages  of  the  test  are  given  in  Figs.  83  to  89,  Appendix  A  (p. 
242-248) . 

3.  FURNACE  AND  COLUMN  TEMPERATURES 

The  temperattu^s  observed  in  the  furnace  and  test  colimms  are 
given  by  the  curves  in  Figs.  142  to  145,  Appendix  B  (p.  303-306). 
The  arrows  on  the  plots  indicate  the  time  water  was  applied  in 

each  test. 

4.  lONOITUDlNAL  NCFORMATION 

The  expansion  of  the  coltmm  during  the  fire  period  and  con- 
traction on  application  of  water  were  determined  by  measurement 
of  the  movement  of  the  head  of  the  column,  and  the  amotmts  are 
given  in  the  respective  test  logs.  These  effects  were  quite  small 
except  in  the  case  of  the  unprotected  cast-iron  columns,  both  of 
which  attained  maximmn  expansion  before  water  was  applied 
(Fig.  46,  p.  124). 

5.  SUBSEQUENT  LOADING  TESTS 

The  loading  to  whiph  the  columns  were  subjected  subsequent 
to  the  fire  and  water  test  are  given  in  Table  44.  They  are  loaded 
to  their  maximum  sustaining  capacity  with  the  exception  of  four 
coliunns  that  were  loaded  to  about  twice  their  design  working 
load  and  reserved  for  use  in  further  tests,  and  the  one  protected 
by  plaster  on  metal  lath  on  which  a  subsequent  fire  test  to  failure 
under  working  load  was  made. 

6.  LOO  OF  FIRE  AND  WATER  TESTS 

(a)  CONCRBTB  PROTBCTIONS 

Tbst  No.  xoi.  RotLSD  H .  2-1N.  concretb  protection.    Upper  section,  umesTone; 

MIDDLE  SECTION,  TRAP;    LOWER  SECTION,  JOILET  GRAVEL.     TiED. 

Fire  Test — ^30  mins. — no  effect  noted;  flame  very  smoky.  3a  mins. — ^vertical 
aacks  on  east  and  west  faces  near  comers  in  k>wer  3  ft.,  ^  in.  wide  at  bottom.  38 
mins. — X-in.  vertical  crack  at  center  of  south  face,  2  ft*  up.  45  mins.— cracks  open 
iV  in-  to  fi  in. ;  small  ^all  on  southwest  comer,  3  ft.  up.  60  mins.— |;as  shut  off; 
no  change  in  column  except  cracks  had  opened  up  slightly. 

Water  Test. — 6i>f  mins.— ^water  applied  to  column  through  a  tyi-bi.  notzle; 
pitssure  at  base  of  ploypipe,  50  lbs.  per  sq.  in.;  nozsle  wasmaintedoied  at  a  distance 
of  ao  ft.  away  from  and  to  the  west  of  column  in  all  tests  and  the  stream  applied  di- 
rectly to  the  west  face  and  at  an  angle  to  the  north  and  south  of  faces;  stream  was 
played  slowly  up  and  down  over  all  three  faces  of  column.  6xK  mins. — pieces  wa^ed 
off  southwest  comer  and  west  face,  3  ft.  up.  61K  mins.— some  pieces  fell  off  west 
face  in  upper  section.  63>^  mins. — pieces  falling  on  west  face  and  comers  in  middle 
section.    63K  mius. — concrete  fell  in  lower  a  ft.,  exposing  steel.    64)^  mins.— north 


Digitized  by 


Google 


Digitized  by 


Google 


t 


jy   TEST 


Lb. 


Hed 


NotappUad 

449000 

•637000 

KotftppUed 

b44S00O      . 

Not  applied 

1)348000 

buiooo 

KotappSSed 

eNotappUed 
S7W00 


saoooo 


5S7Q00 


1"^.  noule.  StreiiB 

knachine.   Tlie  ooo- 
imVHUaafirtloaiiif 


Digitized  by 


^ 


oosle 


Fire  Tests  of  Building  Columns  153 

face  waahedoff  to  depth  of  i>^  in.,  z  to  2]/^  ft.  up;  edge  of  flange  exposed  on  nor^west 
oomer.  65^  mins.^ — pieces  fell  off  north  ^e  near  top.  66K  mtaa. — ^water  shut  off; 
dnratioB  of  water  test,  5  msna. 

After  Test— Edge  of  flange  esiposed  on  northwest  comer  %  to  2^  ft.  up,  and  aoutii* 
west  comer  for  4  in.  at  5  ft.  andatSft.  up;  these  earners  spalled  not  over  i}4  by  zK  ^« 
for  rest  oC  tenc^  Concrete  in  center  of  west  &u»  generally  pitted  ftom  >^  to  K^i. 
for  the  whole  length;  at  bottom  of  tqiper  aectioii  ooncsete  pkted  to  depth  of  z  in.  lor 
about  6  in.  On  south  face  all  concrete  washed  off  in  lower  3  ft.,  exposing  flange; 
about  two-thirds  ctf  rest  of  surface  pitied  sli^tly.  On  north  face  surface  generally 
smooth  excqit  at  northwest  comer.  Fine  vertical  cracks  in  eastfaoe  nearly  fnlllei^^th, 
tyi  in.  tem  oomeis.  Colunm  expanded.  0.26  in.  during  the  Are  test  and  contracted 
ao6  in.  during  the  water  test. 

Load  TtsU'-On.  the  following  day  the  cohuon  was  siibjected  to  a  load  of  334  000  lbs. 
this  being  calculated  as  the  design  dead  load  plus  3>^  times  the  live  load ,  wwnmitig  the 
former  to  be  one-third  of  the  latter.  A  faint  cracking  sound  was  heard  at  69  000  lbs. 
At  about  175  000  lbs.  a  dull  thud  was  heard  and  several  small  pieces  of  concrete  fell 
off  northwest  comer  about  halfway  up.  Column  withstood  test  satisfactorily.  The 
column  recovered  from  the  depression  due  to  the  loading  within  o.ooa  in.  on  release 
of  load.    (Figs.  83  and  14a.) 

Test  No.  102,  Rollbd  H.   2-1N.  concrbtb  protection.    Upper  section,  trap; 

MIDDLE  section,  JoILBT  GRAVEL;    LOWER  SECTION,  LIMESTONE.     No  TIE. 

Fif9  Tui. — 9z  mins.— slight  flaking  at  southeast  comer,  9  ft.  up.    41  mins.-— 
coltunn  glowing  all  over.    60  mins.— -gas  shut  off.    No  cracking  or  spaUing. 

Water  Test, — 63>^  mins. — ^water  applied  to  coltunn,  50-lb.  pressure.  6ii}i  mins.—- 
cracks  noted  on  west  face  near  both  comers;  steam  very  heavy,  making  observation 
difficult.  64  mins.— concrete  fell  on  north  in  lower  zo  ft. ,  exposing  steel,  65  mins. — 
long  vertical  crack  at  southwest  comer,  exposing  flange  in  i^Bces  in  lower  zo  ft.  6^}i 
mins. — ^water  shut  off;  duradon  of  water  test,  5  mins. 

After  Test. — ^Nortii  flange  exposed  completely  i}4  to  zz  ft.  up.  South  flange  ex- 
posed on  southwest  comer  for  a>i  by  14  in.  at  2}4  ft.  up,  for  4  by  so  hi.  at  5  ft!  up,  for 
3  by  zo  in.  at  8  ft.,  for  i}i  by  xa  in.  at  zoft.  up;  concrete  loose  on  south  flange  from  z 
to  ziK  ft*  vp*  On  west  concrete  washed  off  to  dqith  of  ^  to  tM  in.  at  3  ft.,  4^  ft., 
8  ft.,  and  zo^  ft  above  base;  concrete  least  washed  off  on  anddle  section;  column 
expanded  aa6  in.  during  the  fire  test  and  contracted  0.09  in.  during  the  wat^  test. 

Load  Test.^-Oa  the  following  day  the  colunm  in  the  unstripped  condition  was 
loaded  until  failure  occurved  at  443  000  lbs.  by  buckling  to  west,  about  8  ft.  above 
base.  Scaling  on  the  surface  of  the  steel  was  first  noted  on  thenorth  flange  at  373  000 
lbs.,  the  yield  point  of  the  steel  as  determined  from  the  depression  curve  of  the  top  of 
the  o^unm,  bdng  attained  at  400  000  lbs.  (Figs.  83  and  Z42.) 

Test  No.  Z03.   Plate  and  Angle.    4-1N.  concrete  protbctoin.    Upper  section, 

trap;    middle  section,  GRANITE;  LOWER  SECTION,  UMESTONE.     TiED. 

Fire  Test.— 60  mins. — gas  shut  off;  -^in.  vertical  crack,  4  in.  long,  on  west  near 
southwest  comer  at  bracket;  no  other  cracking,  spalling  or  other  visible  effects  on 
column. 

Water  Test. — 62  mins.— water  applied  to  column;  50-lb.  pressure.  62^  mins. — 
small  piece  falling  on  west;  face  and  comers  rounded.  63K  mins.— continued 
falling  of  small  pieces ;  steam  heavy.  64K  <n^  • — ^ater  effects  most  marked  at  bottom 
of  middle  section.  65K  mins. — continued  falling  of  small  pieces.  67  mins. — water 
shut  off;  duration  of  water  test,  5  mins. 
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After  Test. — Little  effect  on  north  and  south  faces  back  of  comeiB  except  in  middie 
sectioii,  where  granite  concrete  was  pitted  to  depth  of  ^  in.  quite  generally.  On 
west  face  the  middle  section  was  most  affected  and  the  upper  section  least  affected; 
concrete  in  middle  section  quite  generally  washed  away  to  depth  of  iK  in-  At  center, 
and  3>^  in.  at  comers;  in  upper  and  lower  sections,  )<  to  >^  in.  at  ccaters  and  3>^  in. 
at  comers;  concrete  in  middle  section  cracked  along  flanges  near  eadi  comer;  steel 
flanges  not  exposed.  Bast  face  unaffected.  Column  expanded  0.15  in.  during  the 
fife  test 

Load  Ter<.— On  the  fcdkMring  day  die  column  in  the  unstiipped  conditfion  was 
loaded  to  547  000  lbs. ,  the  capadty  of  die  madmie,  without  signs  of  distfesi  or  failure. 
Cohunn  was  then  stripped  ftom  5  ft.  3  in.  to  7  ft  xo  in.  above  base  and  kiaded  until 
failure  occurred  at  537  000  lbs.  by  buckling  to  west,  7  ft.  S  in.  above  base.  ScaHngol 
steel  was  first  noted  at  433  000  lt)s.  and  decided  yielding  began  at  475  000  lbs.  (Pigs. 
83  and  14a.) 

Tbst  No.  X04.  Platb  and  Angls.    2-in.  concr^s  psotbction.    Ufpbr  sBcnoN, 
cindbr;  middlb  sqction,  sandstonb;  xx>wbr  sacnoN,  trap.    Tibd. 

Firt  Test, — ^31  mins. — fine  vertical  crack,  24  in.  long,  on  west  near  southwest 
comer,  6)4  ft.  up;  also  on  east,  southeast  comer,  4>^  ft.  to  7  ft.  up;  ^ght  crushing  on 
southeast  comer  8  ft.  up,  small  piece  falling  at  33  mins.  35  mins. — K-in.  crack  on 
center  of  south  face,  6yi  to  gj4  ft  up,  extending  to  southwest  comer  at  upper  end. 
50  mins. — cracks  previously  noted  opening  up  X  to  K  in.  and  extending  in  length  in 
middle  section.  53  mins.— piece  spalled  off  nordieast  comer,  7  ft  up,  60  mins. — 
gas  shut  off;  only  cracks  are  the  tiu^ee  noted  in  middle  section,  3  to  4  ft  kng,  and  )i 
to  K  in.  wide;  no  cracks  on  north. 

Waier  Ttsi, — 6z>^  mins.«-*water  applied  to  column;  5»-lb.  pcesme.  6x><  mins. — 
concrete  fdl  off  on  south  5  to  8  ft.  up,  ei prising  sted.  6$  miaB.^-ooBcrete  in  lower  4 
ft  on  west  waflhed  and  pitted  considerably.  63H  nrins.— <Joncjete  on  northwest  comer 
fell,  4  to  7  ft  up.  64K  mins. — upper  4  ft  on  west  pitted.  65  mins.— piece  fell  on 
northfvestcomer,  loft  up.  66  mins. — pieces  washed  off  comas  on  west  in  lower  4  ft 
66K  mins.— water  shut  offr  duration  of  water  test,  5  mins. 

After  Test.— West  face  pitted  >^  to  a  in.  in  lower  section,  X  in.  in  middle  section, 
and  >^  to  a  in.  in  upper  section;  northwest  comer  off  for  full  length, exposing  flange 
edge  tot  ly^  hy  12  in,  9t  2  ft.  up,  for  a  by  12  in.  4  ft  up,  and  lor  zK  in-  5  to  9  ft.  up; 
north  face  inttKt  except  for  spalHngon  northwest  comer;  southwest  comer  spalled 
full  length,  exposing  flange  edge  for  3  by4in.  a  ft  up,  and  a  by  6  in.  6  ft  up;  entire 
south  flange  exposed  in  middle  section;  east  side  intact  exo^  for  a  few  fine  cracka. 
Column  expanded  o.a6  in.  during  the  file  test  and  contxacted  0.09  in.  during  tiK  water 
test. 

Load  Tut, — On  the  following  day  the  csolumn  in  the  uustiitiped  condttion  was  sub- 
jected to  an  excess  load  of  234  000  lbs.  without  developing  any  signs  of  distress  and 
with  full  recovery  from  the  deformation  on  removal  of  load.    (Figs.  84  and  X4a.) 

(6)  HOLLOW  CLAT-TILB  PROTBCTIOHS 

Tbst  No.  X05.  Platb  and  Anglb.  a-iN.  hollow  clav-txlb  PRoracTiON,  un- 
raxBD.    Uppbr   SBcnoN,  surfacb   clay,  Boston   district;   middlb   sbctiok, 

SBMinRB  CLAY,  NBW  JBRSBV  DISTRICT;  LOWBR  SBOTION,  OmO  8IIALB.     No  FILLING. 
OUTSIDB  WIRB  TIBS. 

Fin  Test. — a  to  3  mins. — vertical  cracks  and  apallingof  paxtsof  outer  shells  on  north 
and  west  sides  in  lower  section.  3  to  aomins. — continued  cracking,  spaUing,  and  bulg- 
ing of  outer  shells  in  lower  section;  tile  in  upper  half  very  little  affected,    jonuns. — 
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a  little  more  spalling  in  lower  section ;  vertical  crackson  west  at  bracket,  and  at  south 
and  west  5  ft.  np,  yi  in.  wide.  39  mins.— otrter  shells  spalled  off  on  east  and  west, 
3d  coarse,  ^hell  hanging  loose  on  east,  2d  coiine.  45  mins.— gas  shut  off;  very  little 
damage  to  middle  and  upper  sections  except  for  vertical  cracks  as  noted;  lower  three 
courses  cradced  and  spaUed. 

Water  Test — 46  mins. — water  applied  to  o^umn;  30-tb.  pressure.  46K  mins. — all 
tile  washed  off  on  west  x  to  a  ft.  up,  and  on  north  i  to  3  ft.  up,  exposing  steel.  47 
mins.— all  tile  down  in  lower  secttona  on  north  and  west  i  to  4  ft.  up.  47)^  mins. — 
tile  down  on  north  and  west  4  to  5  ft.  up.  48  mins.— tile  still  in  place  on  south  ex- 
cept outer  shell  spalled  3  to  4  ft.  up;  tile  down  on  west  in  center  5  to  6  ft.  up.  4fi)4 
mins.-^water  shut  off;  duration  of  water  test,  2}i  mins. 

After  test. — Tile  down  and  steel  exposed  on  north  and  east  z  to  5  ft.  up  and  on  west 
I  to  6  ft.  up;  tile  loose  on  south  x  to  5  ft.  up.  Tile  in  upper  half  of  column  almost  in- 
tact except  outer  shell  cracked  on  west  6  to  7  ft.  up,  and  part  of  outer  shell  off  on  north 
at  bracket.  Ties  in  lower  five  courses  feU  down,  other  ties  in  place.  Expansion 
during  fire  test,  0.23  in. ;  contraction  during  water  test,  0.13  in. 

On  the  following  day  the  o^umn  was  stripped.  Mortar  in  joints  found  to  be  fairly 
full,  although  in  about  one-half  of  the  joints  it  had  been  washed  out  to  depth  of  >^  to 
fi  in.  Mortar  on  ffanges  broke  away  from  the  steel  and  adhered  to  the  tile.  Lateral 
deflection  less  than  >i  in. 

Load  Test. — The  stripped  colimm  was  loaded  until  failure  occurred  at  445  000  lbs. 
with  buckling  to  east  about  6  ft.  above  base.    (Figs.  84  and  X43.) 

Test  No.  xo6.    Platb  and  Angle.    2-IN.  hoixow  clay-tilb  peotbction.    Ufpbr 

AND  LOWER  SECTIONS,  OHIO  SBMI-FIRE  CLAY;  MIDDLE  SECTION,  SURFACE  CLAY,  CmCAOO 
DISTRICT.     OirrSIDE  WIRE  TIES  IN  UPPER  HAL9  Ot  COLUICN,  WIRE  MESH  IN  JOINTS  IN 

LOWER  HALF.    Concrete  villino. 

Fire  Test — ayi  to  6  mins.— outer  shells  spalling  at  comers  in  middle  section.  9  to 
xa  mins.— outer  shells  shattered  on  west  in  middle  section,  but  did  not  spall  off;  yi-in, 
cracks  near  comers  on  west  in  upper  section.  xaK  to  iSK  mins. — outer  shells  spalled 
and  bulging  in  middle  section ;  at  end  of  this  period,  all  of  outer  shells  were  down  in 
5th  course  on  north  and  west  and  partly  down  on  east.  30>^  mins. — vertical  crack  in 
upper  section  on  west  9K  to  iiK  ft.  up,  fi  in.  wide,  opening  to  x  in.  at  a6  mins. 
a3  mins. — outer  shell  buckled  on  east,  9  ft.  up.  25K  mins. — tie  wire  broken  on  loth 
course.  31  to  36  mins.— continued  craddng  and  spalling  of  outer  shells  in  middle 
section,  also  bulging  out  on  north  7  ft.  up.  3S  mins.— 'OUter  shell  spalled  on  6th 
couise  on  north.  40  mins. — all  outer  shells  spalled  on  east  3  to  5  ft.  up.  44  mins. — 
outer  shells  on  east  7  ft.  up  buckle  out  2  in.  45  mins.— gas  shut  off;  outer  shells  are 
off  on  5th,  8th,  and  9th  courses  on  west,  and  on  5th  and  6th  courses  on  north;  coluimi 
expanded  0.24  in.  during  the  fire  test. 

Water  T«*i.— 47^^  mins.— water  implied  to  column;  30-lb.  pressure.  47K  mins. — 
considerable  amount  of  tile  fallen;  steam  obscures  view.  48K  mins. — tile  down  in 
middle  8  ft.  on  north,  south  and  west,  exposing  flanges  on  north  and  south;  concrete 
filling  in  place.    49^  mins. — ^water  off;  duration  of  water  test,  2X  mins. 

After  Ttst. — Steel  exposed  on  north  i  to  ix  ft.  up,  on  south  from  i  to  xo  ft.  up  ex- 
cept where  parts  of  iimer  shells  remained  in  place;  wire  mesh  still  in  place  on  north  at 
x  ft.,  4  ft.,  5  ft.  and  6  ft.  up.  On  west  tile  off,  exposing  concrete  a  to  10  ft.  up;  outer 
shell  off  10  to  xa  ft.  up.  On  east  side,  concrete  exposed  2  to  4  ft.  up;  the  rest  was  cover- 
ed by  tile  or  iimer  shells  of  same.  Tile  all  in  place  on  bottom  course  on  all  sides  and 
on  bracket  course  on  north,  east,  and  south  sides. 

Load  Test, — On  the  following  day  the  column  was  subjected  to  an  excess  load  of 
aa8  000  lbs.  without  developing  any  signs  of  distress  and  recovered  from  deformation 
almost  completely  on  removal  of  IcmuI.    (Figs.  85  and  143.) 
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Xbst  No.  107.  Platb  and  Channbl.  4-1N.  hollow  clay-mlb  p«otecti<w. 
Upper  section,  Ohio  shalb;  middlb  section,  sbmifirb  clay,  New  jERasv  district; 

LOWER  SECTION,  SURPACE  CLAY,  BOSTON  DISTRICT.     OUTSIDE  WIRE  TIE&  ON  UPPER 
BALP  OP  column;  wire  mesh  in  piNTS  IN  LOWER  HALP.     No  PILUNO. 

Fire  Test, — 12  mins. — no  cracldng  or  spalling  noted.  15  mins. — ^vertical  cracks  on 
east  from  8  ft.  up  to  top,  X  ^*  wide;  part  of  outer  shell  i^alled  on  nth  oonzse,  east; 
^in.  vertical  crack  on  east  6  to  8  ft.  up.  19  mins. — ^in.  vertical  crack  on  west 
6to9ft.  up.  22  mins.— <aacks  on  east  and  west  near  top,  ^  to  X  In.  wide.  25t037 
mins. — outer  shells  on  west  bulging  out  i>^  to  a  in.  in  upper  section,  held  by  ties. 
31  to  35  mins. — }i-in,.  vertical  crack  on  west  at  south  comer  from  9  ft.  up  to  top;  other 
cracks  opening  up  and  outer  shells  bulging  in  upper  section.  4s  mins. — continued 
cracking  in  upper  section ;  new  crack  on  north  x  in.  wide,  ixth  comae;  tile  on  east  xith 
and  12th  course§  cracked.  45  mins. — gas  shut  off;  tile  in  upper  section  generally 
cracked  and  outer  shells  loose ;  lower  section  practically  intact;  middle  oouxses  have  a 
few  vertical  cracks  as  noted. 

Water  Test. — 46  mins.— water  applied  to  column;  30-lb.  pressure.  46^^  mina^ 
little  effect;  outer  shell  on  west  fractured  in  upper  section.  41^  inins.-mttle 
apparent  change.  47^  mins.— outer  shell  down  on  west  9  to  1 1  ft.  up.  48^^  mina. — 
tile  almost  all  down  on  upper  three  courses.  48>^  mins.*-water  shut  off;  duration  of 
water  test,  2}^  mins.  , 

After  Test.—All  tile  down  in  xoth,  xxth,  and  xsth  courses,  except  on  north  side, 
where  tile  is  held  by  bracket;  some  mortar  adheipes  to  noxth  and  south  flaaages.  Tile 
shattered  on  east  and  west,  in  9th  couise.  Tile  in  good  condition  in  lower  8  ft.  exeept 
for  a  few  >j-in.  vertical  cracks  on  east  and  west  6  to  8  ft.  up,  and  small  hole  in  outer 
shell  on  west  7  ft.  up.  Mortar  and  mesh  in  joints  in  lower  courses  in  good  condition* 
it  being  necessary  to  wedge  the  tile  apart  in  order  to  remove  the  covering.  Colnmn 
expanded  0.15  in.  during  the  fire  test  and  cantracted  o.xo  in.  during  the  water  test. 
Maximum  deflection  after  fire  and  water  test,  ^  in.  to  west. 

Load  Test, — On  the  following  day  the  coltmm  was  stripped  and  loaded  to  failure  at 
348  000  lbs.,  column  buckling  to  west  about  6  ft.  above  base.  Decided  yielding  ol 
the  steel  began  at  323  000  lbs.    (Pigs.  85  and  143.) 

(c)  QTP8X7M-BLOC&  PROTECTIONS 

Test  No.  xo8.  Rolled  H  .    2-1N.  solid  cTPsuUf block  protection.    Upper  half, 
western  oypsum;  lower  half,  eastern  gypsum.    Filled. 


Fire  Test. — 13  mins. — fine  surface  checks  beginning  to  develop.  28  mins.- 
face  checks  generally  yi  in.  wide  and  }i  in.  deep  near  lower  end  of  colunm  to  very 
fine  at  top.  36  mins. — joints  at  bottom  open  ^  to  >i  in.  43  mins. — very  little  change 
in  fire  effects.    45  mins. — gas  shut  off. 

Water  Test. — ^46  mins. — ^water  applied  to  column;  30-lb.  pressure.  47K  mins. — 
little  effect  noted  except  for  surface  erosion  on  west.  48  mins.— blocks  fell  on  west 
a  ft.  10  in.  to  5  ft.  8  in.  up.  48X  mixis. — ^blocks  down  on  west  i>^  to  9  ft.  up,  exposing 
flange  edges  and  filling.  48X  mins. — ^blocks  down  on  south,  4X  to  7  ft.  up.  48^ 
mins.— blocks  down,  exposing  steel  nearly  full  length  on  north  and  south.  49  mins. — 
water  off;  duration  of  water  test,  3  mins. 

After  Test. — ^All  blocks  down  on  north  xX  to  9  ft.  up,  exposing  steel;  on  south,  from 
i^  ft.  up  to  top  of  bracket,  exposing  steel  except  for  a  3  ft.  length  above  n^iddle  of 
column,  where  mortar  remained  in  place;  on  west,  i>^  to  4X  ft.,  6  to  9  ft.,  and  from 
XX  ft.  to  top.  Filling  washed  out  on  west,  exposing  web  from  2  ft.  4  in.  to  3  ft.  up* 
All  blocks  in  place  on  east  except  at  places  on  comers.  Blocks  remaining  on  coltunn 
on  west  washed  off  to  a  depth  of  f^  in.  to  point  where  fiber  in  blocks  was  not  charred. 


Digitized  by 


Google 


Fire  Tests  &f  Building  Columns  157 

Iftortar  on  flanges,  and  filling  in  web  had  evidently  been  quite  full.  Steel  not  rusted 
€3ecept  where  exposed  by  water.  Column  expanded  0.05  in.  during  the  Are  test  and 
contracted  0^05  in.  during  the  water  test.  Maximum  lateral  deflection  after  fire  and 
water  tests,  ^  in. 

Load  Test. — On  the  following  day  the  column  was  loaded  to  failure  at  3x1  000  lbs. 
o^umn  buckling  to  west  about  7  ft.  above  base.    (Figs.  86  and  143.) 

Tmbt  No.  109.  RoLLBD  H .    4-1N.  soud  oypauif»su>GK  p&otection.    Up^ba  sscnoN, 

BA8T8RN  aVPSUlf;  LOWBR  SBCTION,  W8STSRN  GYPSUM. 

Fire  Test. — 16  mins. — a  few  comer  cracks  developed  in  lower  half,  ^  by  i  in.  aa 
mins. — ^fine  surface  checks  beginning  to  develop  near  bottom.  43  mins. — surface 
checks  quite  general,  forming  in  f|-in.  squares,  checks  ^  in.  wide  at  bottom  and  ^ 
in.  wide  at  top;  comer  cracks  opening  to  maximum  of  >^  in.;  vertical  joints  in  lower 
half  open  ^  in. ;  slight  spalling  at  comers.  53  to  57  mins. — surface  checks  open  from 
^  in.  at  base  to  ^  in.  at  top  of  column.  59  K  mins. — gas  shut  off;  surface  checked 
all  over,  most  at  bottom;  otherwise  covering  and  colimm  little  affected. 

WaUr  Test^^o^  mins. — ^water  applied  to  column;  50-lb.  pressure.  61 J^  mins.— 
hose  burst,  water  off;  gypsum  washed  off  on  west  to  depth  of  about  i  in.,  mortar  in 
joints  washed  out  from  i  to  4  in.  depth,  exposing  ends  of  ties.  Gypsum  washed  off 
on  north  and  south  sides,  ^  to  i  in.  depth ;  east  side  intact.  7aK  mins. — water  again 
applied;  50-lb.  ptessure.  73K  mins.— outer  i  in.  of  gypsum  washed  off  clean  on 
north  and  south .  74  mins. — almost  all  of  mortar  washed  out  of  vertical  joints  on  west. 
^6}^  mins. — ^in .  vertical  crack  on  west  near  south  comer  9  to  xo  ft .  up .  76K  mins. — 
water  shut  off;  total  duration  of  water  test,  5  mins. 

After  Test. — On  west  side  surface  washed  very  smooth,  comers  rounded;  blocks 
slightly  less  than  3  in.  thick;  no  mortar  in  vertical  joints;  ties  all  in  place  and  hold 
mortar  in  horizontal  joints;  on  north  and  south  sides,  faces  of  blocks  rough,  with  fibers 
projecting;  blocks  about  3  in.  thick;  all  joints  generally  full;  east  side  little  affected; 
no  blocks  loose ;  edges  of  bracket  and  stiff ner  angles  exposed.  Column  expanded  0.04 
in.  during  the  fire  test;  less  than  o.oi  in.  contraction  diuing  the  water  test. 

Load  Test, — On  the  following  day  the  column  in  the  unstripped  condition  was  sub- 
jected to  an  excess  load  of  334  000  lbs.,  which  it  withstood  without  any  signs  of  dis- 
tress except  for  a  few  small  vertical  cracks  in  the  blocks.     (Figs.  86  and  143.) 

(d)  PLASTER  ON  MBTAL-LATH  PROTBCTION 

Test  No,  ho.  Plats  and  Anglb.    Two  layers  of  Portland-cbmbnt  plastbr  on 

METAL  LATH  WTTH  K'lN.   AIR  SPACE  BETWEEN  LAYERS. 

Fire  Test, — 6  mins. — ^furnace  gases  heavy,  diflScult  to  see  coltunn.  18  mins. — 
fire  more  luminous.  19  mins. — ^plaster  cracked  and  spalled  on  all  sides  at  bottom  of 
bracket;  this  probably  occurred  at  about  14  mins.;  comers  spalled  slightly  on  west 
32  mins. — ^fine  crack  on  east,  2  in.  long,  4  ft.  up.  45  mins. — gas  shut  off;  several  fine 
cracks  noted  on  all  faces. 

Water  Test, — ^46^  mins. — ^water  applied  to  column;  30-lb.  pressure.  46^^  mins. — 
vertical  cracks  near  comers  on  all  faces  about  6  ft.  long.  47X  mins. — apiece  of  plaster, 
8  in.  square,  spalled  off  north  face,  6  ft.  up.  48  mins. — ^plaster  washed  off  southwest 
corner  in  upper  and  lower  3  ft.  48f^mins. — ^plaster  washed  off  northwest  comer, 
lower  4  ft.    49>^  mins.— water  off;  duration  of  water  test,  3>^  mins. 

After  Test.— On  west  side  plaster  off,  i  by  z  in.,  exposing  lath  on  northwest  comer 
z  to  4  ft.  up.  Fine  horizontal  cracks  across  face  at  4  ft.,  6  ft.,  7  ft.,  jj^  h.,S  ft.,  9K 
ft.,  and  ZT  ft,  up.  On  north  side,  lath  exposed  near  west  comer,  5  by  18  in.  6  ft.  up. 
On  south  side,  lath  exposed  on  southwest  comer,  i  by  3  in.,  from  7  ft.  up  to  top;  fine 
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horizontal  cracks  aciosB  face  at  5  and  8  ft.  up.  On  east  side,  veftical  crack  runs  fuU 
lengthnearsQUthcomer;  fine  horizontal  cracks  at  a>^,  4,  and  6  ft.  up.  Plaster  cracked 
and  lath  exposed  on  all  sides  at  bottom  of  bracket.  Column  expanded  cHia*  during 
the  fire  test.    No  contraction  during  the  water  test  (see  Fig.  46). 

Subsequent  Fke  Test, — Since  the  {«otection  was  little  injured  by  the  fifie  and  water 
test,  it  was  subjected  to  a  second  fire  test  to  failure  on  the  day  following  the  fire  and 
water  test.  5  mins. — ^plaster  bulging  out  2  in.  on  north  at  bottom  ci  bracket.  7 
mins.— crack  on  west  at  southwest  comer  open  Kin.,  7  to  8  ft.  up,  extending  further 
4  ft.  vertically  at  xz  mins.  14  mins.-^4mlging  of  plaster  on  southeast  bebw  bracket. 
39  mins.— plaster  bulging  away  from  lath  in  places  on  southwest  comer  from  7  ft  up 
to  top.  46  mins.— northeast  comer  cracks  opening  up,  8K  to  11  ft.  up.  i  hr. — 
bulging  of  plaster  increasing  on  all  faces  at  bracket,  z  hr.  54  mins. — no  change  ex- 
cept all  cracks  opening  up  lightly.  2  hrs.  25  mins. — about  one  half  of  lath  exposed 
at  bracket  on  west.  2  hrs.  28  mins. — small  areas  of  lath  exposed  at  bracket  on  east. 
2  hrs.  47X  mins. — ^failure  with  buckling  to  west,  maximum  at  7X  ft.  above  base. 
Column  expanded  maximum  of  0.92  in.  at  2  hrs.  30  mins.;  from  this  point  to  one 
minute  before  failure  it  compressed  X  ^'    (Figs*  87,  Z44,  and  46.) 

(e)  REUfFORCSD-GOnCRSTB  COLUMNS 

Test  No.  zzz.    Squarb  Vsrticajlly  Rbinposcsd  Concrbtb.    Ufpbr  sacnoN,  uw^ 
8TON8;  mDDLB  sBcnoN,  Mbrambc  River  gravbl;  lower  sscnoN,  Lotssrosz. 

Fire  Test. — Z4  to  24  mins. — slight  spalling  of  small  pieces  from  earners  in  middle 
section.  26  to  3  z  mins. — cracking  of  concrete  in  middle  section  on  all  sides,  cracks 
^  to  -^  in.  wide,  and  z2  to  30 in.  long;  cracking  and  crushing  at  southwest  comer  6yi 
ft .  up ,  cracks  extending  diagonally  downward  on  both  south  and  west  faces.  36  mins. — 
upper  and  lower  sections  apparently  imafiFected.  $6}4  mizis. — crack  on  south  4>^ 
ft.  up,  extending  downward  to  2  ft.  above  base.  37  mins. — cracks  at  southwest  6X  ft, 
up,  now  open  H  ^*  4<^  ™i^- — same  crack  open  z^  in.,  new  crack  extending  upward 
Z2  in.  from  same;  crack  on  east,  $yi  ft.  up  open  fi  in.  48  mins. — small  vertical  and 
diagonal  cracks  extending  from  crack  at  southeast  comer  4}^  to  5X  ft.  up.  53  mins. — 
^  in.  vertical  and  diagonal  cracks  ziear  northwest  comer  on  north  and  west  5  ft.  up. 
60  mins. — gas  shut  off;  very  little  spalling;  concrete  at  southwest  comer  in  middle 
section,  crushed. 

Water  Test, — 6zK  mins. — ^water  applied  to  column;  50-lb.  pressure.  63  mins. — 
steam  heavy;  observations  impossible.  63X  mins. — concrete  spalled  to  reinforcing 
rod  on  northwest  comer  in  lower  half.  63K  mins.— west  face  washed  off  to  about 
i>^-in.  depth.  64  mins.— northwest  rod  exposed  to  zo  ft.  up.  64X  mins. — south- 
west rod  exposed  to  zz  ft.  up.  65  mins. — concrete  washed  off  in  middle  of  column  on 
west,  exposing  tie.  65^  mizis. — ^little  change  during  past  )4  n^«  66K  niins. — water 
off;  duration  of  water  test,  5  mins. 

After  Test. — Concrete  washed  off  both  comers  of  west  face  4  by  4  in.,  exposing 
reiziforcing  rods  z  to  zz  ft.  up;  in  center  of  west  face  concrete  is  washed  off  to  average 
depth  of  z  in.  in  upper  section,  2  in.  in  middle  section,  exposing  ties,  and  yiixx^in 
lower  section;  on  north,  east,  and  south  faces,  concrete  in  place  in  upper  and  lower 
sections  except  at  west  comers;  in  middle  section,  concrete  washed  dBf  south  face  to 
depth  of  z  in.,  4K  to  $yi  ft.  up,  and  off  north  face  to  depth  of  >^  in.  in  places  from 
4  to  6ft.  up;  east  side  unaffected  by  water,  but  has  several  vertical  cracks  in  middle 
section  from  the  fire  test.  Estimated  minimum  area  of  cross  section  of  concrete  not 
spalled  or  loose  in  middle  section,  Z87  sq.  in.,  a  decrease  of  a  little  more  than  25  per 
cent  of  the  original  section.  Column  expanded  0.28  in.  during  the  fire  test  and  con- 
tracted 0.09  in.  during  the  water  test. 
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Load  TuU — On  the  following  day  the  coliuiiii  was  loaded  to  failure  at  379  000  Iba.; 
ooluiiiii  failed  by  diagonal  shearing  from  a  point  4X  ft.  np  on  southeast  ooner  to  a 
point  8>^  ft.  up  on  northwest  comer;  no  cracking  or  yielding  was  noted  before  the 
maadmum  load  was  i^^plied.    (Figs.  88  and  145.) 

Tbst  No.   1X2.    Round  Vbrticaixy  Rbinporcsd   Concrbts.    Uppqr  sscnoN, 

U1C9STONB;    mDDLQ  SBCTION,  MSRAMBC   RiVBR  GRAVBL;  LOWBR  SaCTION,  JOU8T 
GRAV8L. 

Fife  Test, — 18  mins. — ^flaking  on  southeast  comer,  6  ft.  up.  23  to  35  mins.— flaking 
in  middle  section  on  south  and  east.  30  mins. —  concrete  cmdied  on  south,  6  to  ^}4 
ft.  up,  cracks  opening  \o  }4vxi.  9t  32  mins^  loose  pieces  ready  to  fall.  31  mins. — 
vertical  crack  on  southwest  %  in.  wide,  4  to  j}4  ft.  up.  39  mins.— crack  on  south, 
6  to  7  ft.  up,  open  H  i'l-  43  mins.— several  new  cracks  yi  in.  wide  and  about  12  in. 
long  in  middle  section.  51  to  57  mins. — spalling  in  middle  section  to  depth  of  zX  in. ; 
upper  and  lower  sections  intact.    60  mins.— gas  shut  off. 

Waier  Test, — 6iX  mius. — ^water  applied  to  column;  50-lb.  pressure.  62X  mins. — 
concrete  washed  off,  exposing  tie  on  west,  middle  section.  62K  mins. — some  concrete 
fell  on  south,  middle  section.  63K  mins. — concrete  down  on  south,  2  to  5  ft.  up. 
64  mins. — reinforcing  bars  exposed  on  west  in  lower  7  ft.  64K  mins. — piece  fell  on 
west,  7  ft.  up.    66  mins.— piece  fell  on  south,  8  ft.  up;  not  much  change  during  past 

2  mins.    66>^  mins. — ^water  off;  duration  of  water  test,  5  mins. 

After  Test.— Concrete  off  to  reinforcing  bars  from  3  to  8K  ft.  up  on  west  and  from 

3  to  8  ft.  up  on  south;  also  piece  off,  i  by  6  by  12  in.,  at  12  ft.  up,  and  z  by  4  by  5  in., 
at  1 1  ft.  up  on  west.  On  north  concrete  loose  to  outside  of  ties,  2  to  6  ft.  up  and  piece 
off,  lyi  by  12  by  6  in.,  at  6K  ft»  «p;  on  east,  crack  }i  in.  wide  from  6  to  9K  ft.  up; 
concrete  shattered  near  middle;  crack  on  northeast  comer,  }i  in.  wide,  i}i  to  4X  ft. 
up;  several  smaller  horizontal  and  vertical  cracks;  section  at  middle  6t  column  re- 
duced  about  30  per  cent  due  to  spalled  or  loose  concrete.  Column  expanded  0.14  in. 
during  the  fire  test  and  contracted  o.oa  in.  dtuing  the  water  test. 

Load  Test. — On  the  following  day,  the  column  was  loaded  to  failure  at  423  000  lbs.; 
failtue  occured  by  diagonal  shearing  from  5  ft.  up  on  north  to  7  ft.  up  on  south;  crack- 
ing sounds  were  heard  at  about  290  000  lbs. ,  which  increased  as  failure  was  approached^ 
(Figs.  88  and  145.) 

Test  No.  113.  Hoopqd  Rbinforcbd  Concrbtb.    Uppsr  section,  trap;  middle 
SECTION,  Merambc  River  gravel;  lower  section,  grantte. 

Fire  Test. — 9  to  20  mins. — ^flaking  and  cracking  in  middle  section,  cracks  }i  in. 
maximum,  2  to  3  ft.  long.  21  mins. — piece  K  hy  4  by  4  in.  spalled  on  southwest, 
5  ft.  up.  22  mins. — crack  on  southwest  in  middle  section  open  yi  in.  23  mins. — 
flaking  and  buckling  of  concrete  shell  general  in  middle  section.  27  mins. — piece  x 
by  4  by  10  in.  spalled  on  southwest,  4K  ft.  up.  28  mins. — piece  spalled,  lyi  by  10 
in.  on  south  4  to  7  ft.  up.  34  mins. — buckling  of  concrete  shell  in  middle  section  to 
2  in.  maximum.  37  mins. — upper  and  lower  sections  intact  except  for  cracks  ex- 
tending from  middle  section.  2i^  mins.— spalling  on  south,  4  to  8  ft.  up;  spiral  ex- 
posed for  8  turns  on  lo-in.  width.  43  mins. — concrete  shell  on  west  middle  section, 
standing  out  2  in.  43^^  mins. — spalHng  on  east,  4  to  8  ft.  up;  spiral  exposed  for  16 
turns  on  5-in.  width.  46  mins. — cracks  on  west  extending  down  to  i  ft.  from  base, 
are  K  ^*  ^<ic  at  3  ft.  up,  opening  to  1%  in.  at  52  mins.  58  mins. — cracks  on  east  in 
middle  section,  extending  down  to  3  ft.  above  base;  finer  cracks  below.  60  mins. — 
gas  shut  off. 

Water  Test. — tiji  mins.— water  on,  50-lb.  pressure.  ti}4  mins. — hose  burst;  water 
shut  off;  concrete  stripped  to  spiral  on  west  from  i  to  8K  ft.  up  and  partly  on  north 
and  south  2  to  6  ft.  up;  above  this  on  north  and  south  concrete  off  to  within  i  in.  fhim 
spiral;  aggregate  split  on  plane  of  spiral.    79^^  mins. — water  again  applied.    80X 
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mins.— ^>ieoe8  fell  on  west,  cxposfaig  spiral  at  6K  <t.  up.  8oK  mins.— pieces  fell  on 
•tvest,  exposing  spkid  in  upper  sectioni  82  mins.^-^oae-half  of  the  dreumferenee  of  the 
spiral  exposed  on  west  up  to  9  ft.  above  base  and  one-fonrtlk  of  its  cirmunfeience  ex- 
posed above  this  point;  little  change  during  past  two  minutes  except  concrete  washed 
out  between  wires.    84X  mins.— water  shut  off;  total  dtuation  of  water  test,  5  mins. 

After  Test.— Concrete  washed  off  to  spiral  all  around  in  middle  section,  4  to  8  ft.  up. 
In  lower  section  spiral  exposed  all  around  z  to  4  ft.  up,  except  for  strip  about  12  in« 
wide  on  east.  In  upper  section,  spiral  exposed  for  about  half  of  circumference  on 
west,  8  to  ioj4  ft.  up  and  for  about  one-fourth  of  circumference  up  to  za  ft.  above  base. 
Column  expanded  o.z4in.  during  the  fire  test  and  contracted  0.045  ^  during  the  water 
test. 

Load  Test, — On  the  followizig  day  the  column  was  loaded  tmtil  failure  occurred  at 
536  000  lbs.,  6K  ft*  above  base;  all  bars  buckled  out  i^i  in.,  and  the  spiral  wire  broke 
in  tension  with  reduced  section ;  faint  cracking  sounds  were  first  heard  at  about  300  000 
lbs. ;  at  400  000  lbs.  the  compressive  deformation  due  to  a  given  load  increment  was 
about  twice  that  at  the  start,  and  at  500  ooo  lbs.  about  five  times  the  initial  rate.  (Figs. 
89  and  145.)  

(/)  UNPROTECTED  CAST-IRON  COLtTMNS 

TaST  No.  1Z4.  Round  Cast  Iron.    Vbrtically  cast;  ukprotbcted 

Fire  Test. — 22^  mins. — gas  shut  off;  column  glowing  low  red  in  lower  half;  no 
visible  deflection. 

Water  Test. — 23  mins. — ^water  applied  to  column;  30-lb.  pressure.  23X  mins. — 
coltmm  still  glowing  on  north ,  east,  and  south.  23K  mins. — still  glowing  on  east.  24 
mins. — ^water  off;  dtu'ation  of  water  test  z  min.;  column  still  glowing  in  lower  third 
on  east. 

After  Test. — Column  unaffected  as  far  as  could  be  seen  except  for  deflection  of  zH 
in*  to  west,  4  ft.  above  base.  Column  expanded  0.99  in.  during  the  fire  test  and  con- 
tracted 0.5Z  in.  during  the  water  test.    (See  Fig.  46.) 

Load  Test. — On  the  following  day  the  column  was  loaded  to  failure  and  supported 
a  maximum  load  of  527  000  lbs.;  pumping  was  continued,  but  load  fell  off  gradually 
until  at  428  000  lbs.  coltmm  broke  in  two  with  great  violence  6  ft.  above  base;  during 
the  loading  the  column  deflected  J^  in.  to  west  at  center  at  445  000  lbs. ,  and  >^  in.  at 
520000  lbs.'  fracture  coarse,  gray,  crystallline;  break  very  jagged.  (Figs.  89,  Z46, 
and  46.) 

Tbst  No.  Z15.  Round  Cast  Iron.    Vertically  cast;  unprotected 

Fif€  Test, — 20  mins.— trace  of  color  visible  on  colimm.  30  mizis. — gas  shut  off; 
column  glowing  low  red  entire  lezigth;  no  visible  deflection. 

Woier  Test.— $1)4  mins.— water  applied  to  column;  30-lb.  pressure.  3Z>i  mins. — 
column  still  glowing  on  north,  east,  and  south.  3zK  mizis.—still  glowing  on  east* 
39  mins. — still  glowing  in  lower  half  on  east.  32X  niizis. — ^water  off;  duration  ol 
water  test,  i  min. ;  no  color  on  coltmm. 

After  Test.— Column  unaffected  as  far  as  could  be  seen  except  for  deflection  of 
^  in.  to  west,  5K  ^-  above  base;  colunm  expanded  J4  in.  dtuing  the  fire  test  and 
contracted  fj  in.  during  the  water  test.    (See  Fig.  46.) 

Load  Test. — On  the  following  day  the  column  was  again  loaded  and  supported  a 
maximum  load  of  502  000  lbs. ;  pumping  was  continued  with  load  decreasing,  until  at 
348  000  lbs.  it  was  removed  to  avoid  breaking  the  coltmm;  dtiring  the  test,  coltmm 
deflected  f^  in.  to  east  at  center  at  290  000  lbs.,  when  deflection  changed  direction; 
at  450  000  lbs.  it  was  yi  in.  east,  increasizig  rapidly  to  the  west,  tmtil  at  maximtmi  load 
it  was  i}4  ia.  west;  deflection  contintzed  to  increase  tmtil  load  was  removed,  when 
coltmm  recovered  a  large  part  of  the  deflection.    (Figs.  89,  Z45,  and  46.) 
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Xn.  GENERAL  SUMMARY  AND  DISCUSSION 

Included  under  this  head  are  considerations  relative  to  the 
quality  of  the  materials  of  the  test  columns  and  their  coverings; 
the  general  effects  of  load,  fire,  and  water;  the  useful  Kmit  of  the 
various  types  of  coltunns  as  loaded  and  exposed  to  fire;  test 
durations,  effects  of  methods  of  application,  and  causes  of  varia- 
tion in  results. 

1.  CHARACTERISTICS  OP  COLUMNS  AND  THEIR  MATERIALS 

These  relate  to  the  structural  quality  of  the  test  columns  and 
the  physical  and  thermal  effects  of  load  and  fire. 

Ca)  STRUCTURAL-STBSL  COLX7MNS 

(i)  Material  and  Fabrication. — The  structural  steel  for  the 
test  coltunns  was  made  by  the  open-hearth  process  in  four  mills 
in  different  localities,  and  in  point  of  chemical  and  mechanical 
properties  came  fairly  within  accepted  specification  limits.  Meas- 
turements  of  area  of  structural  sections  indicated  general  agree- 
ment with  the  nominal  or  handbook  areas  within  i  per  cent, 
although  a  few  measured  areas  differed  from  the  nominal  by 
amotmts  up  to  4  per  cent. 

The  columns  were  detailed  according  to  standards  of  current 
practice,  and  as  furnished  &tMicated  by  five  companies  no  defects 
due  to  faulty  design  or  fabrication  were  noted  before  test  or  devel- 
oped as  a  result  of  the  tests,  except  that  the  bearings  as  received 
were  too  uneven  to  insure  uniform  distribution  of  load. 

A  number  of  structural-steel  columns  that  had  been  subjected 
to  fire  and  water  tests  in  the  protected  condition  without  injury 
to  the  steel  were  subsequently  stripped  of  their  covering  and 
loaded  to  failure,  the  maximum  sustained  being  30  600  to  37  600 
pounds  per  square  inch,  which  represent  ultimate  factors  of 
safety  from  a  little  less  than  3  to  over  4  on  the  computed  working 
loads. 

(2)  Effect  of  Slbndbrnbss  Ratio. — ^Tbe  slendemess  ratio 


(5' 


f-jwithin  the  limits  40  to  80  appears  to  have  little  influence  on 

the  strength  of  structural-steel  buildit^;  columns  as  exposed  to 
fire.  In  the  case  of  some  of  the  colimms  of  higher  skaidemess 
ratio  deflections  were  larger  at  a  given  stage  of  the  test  than  for 
columns  of  more  rigid  section.  The  coltunns  had  flat  end  bear- 
2ai84*— 21 — ^11 
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ings,  the  upper  end  being  ftilly  restrained  and  the  lower  end  partly 
restrained  by  the  base  angles  and  anchor  bolts. 

(3)  Laterai^  Defi^ction. — ^The  direction  of  the  lateral  deflec- 
tion before  and  after  failure  conformed  with  the  line  of  least 
rigidity  of  the  section,  except  in  a  few  cases  where  the  direction 
of  the  deflection  was  influenced  by  local  heating  of  portions  of 
the  column.  Deflections  immediately  before  failure  of  a  little 
over  2  inches  were  noted  in  a  few  tests,  although  generally  they 
were  between  i}i  and  2  inches.  Decided  lateral  deflection  did 
not,  as  a  rule,  develop  until  the  point  of  Tnaximum  expansion 
had  been  passed. 

(4)  Verhcai,  Deformation. — Steel  colunms  when  loaded  and 
exposed  to  fire  expand  up  to  a  point  where  the  rate  of  compression 
of  the  metal  due  to  the  load  becomes  equal  to  or  greater  than  the 
thermal  expansion.  The  total  expansion  varied  from  >i  of  an 
inch  for  the  coltunns  nearly  uniformly  heated  over  the  full  exposed 
length  to  >i  of  an  inch  for  those  subjected  to  local  heating  due 
to  failure  of  portions  of  the  covering. 

The  measured  expansion  per  unit  length  up  to  the  point  of 
maximum  expansion,  as  measured  over  a  37-inch  gage  length, 
varied  from  0.0044  to  0.0066,  the  lower  values  being  due  mainly 
to  local  heating.  The  unit  expansion  per  X.  rise  of  temperature, 
or  coefficient  of  expansion  of  the  columns  as  loaded  and  exposed 
to  fire,  averaged  0.0000125  (0.000007  per  ®F.)  as  taken  from  room 
temperature  up  to  the  point  where  decided  yielding  of  the  metal 
was  apparent. 

(5)  Load  Carried  by  the  Coverino. — On  application  of 
working  load,  the  covering  takes  portkms  of  tbe  load  propoiv 
tionate  to  its  area  and  rigidity  with  reference  to  the  steel.  With 
increase  of  temperature  the  higher  rate  of  expansbn  of  the  sted 
causes  a  larger  portion  of  the  load  to  be  transferred  to  the  steel 
section,  this  condition  continuing  up  to  the  pCMnt  of  tTmYiTniitii 
expansion.  Subsequently  the  compressive  yielding  of  the  steel 
causes  load  to  be  again  transferred  to  the  covering,  the  amount 
depending  on  the  stability  and  load-carrying  capacity  retained 
by  the  covering  materials  after  the  fire  exposure. 

(6)  Average  Effective  Temperatures. — For  the  steel  col- 
umns for  which  average  eflPecdve  temperature  determinations 
were  made  (Table  43),  the  rai^e  at  maximimi  expansion  was 
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from  484  to  593®  C  (903  to  1099®  F),  with  an  average  of  530°  C 
(986^  F).  At  failure  the  average  temperature  range  was  from 
570  to  837®  C  (1058  to  1539®  F),  the  average  of  all  determinations 
being  668®  C  (1234®  F).  The  applied  working  loads  if  carried  by 
the  steel  alone  correspond  to  stresses  of  8900  to  14  500  pounds  per 
square  inch,  as  varying  for  the  different  structtural  sections,  the 
average  being  11  600  pounds  per  square  inch  (Table  41,  p.  97). 

The  lower  temperattu-es  given  above  correspond  nearly  with 
those  that  hold  for  steel  at  ma.ximnm  expansion  and  at  failure 
under  the  given  unit  loads.  The  higher  temperatures  obtained 
in  the  tests  where  the  covering  carried  portions  of  the  load,  this 
effect  being  much  less  marked  at  maYimum  expansion  than  at 
failure. 

(7)  Genbrai^  Causb  of  FajlurB. — The  failure  in  the  fire  test 
was  due  in  all  cases  to  decrease  in  mechanical  strength  of  steel 
with  increase  of  temperature.  The  temperature  required  to 
cause  failure  depended  mainly  on  the  unit  load  carried  by  the 
structural  section,  although  uneven  stress  distribution  as  caused 
by  incidental  eccentricity  of  load  application,  uneven  bearings, 
and  deflection  of  the  column,  entered  as  possible  modifying  con- 
ditions. The  general  or  local  lateral  deflections  occurring  imme- 
diately before  failure  were  due  to  yielding  of  the  metal  and  can  be 
considered  as  failure  effects. 

The  deflection  and  distortion  at  failure  caused  large  permanent 
loss  of  load-carrying  capacity,  depending  on  the  amount  of  the 
deflection  and  the  rigidity  of  the  section,  the  remaining  strength 
being  estimated  at  5  to  50  per  cent  of  that  before  test 

(6)  CAST-IRON  coLimirs 

(i)  Material  and  Manufacture. — Of  the  10  cast-iron 
columns  tested,  7  were  cast  horizontally  and  3  were  cast  in  vertical 
position.  The  iron  of  the  horizontally  cast  columns  conformed 
with  published  specifications  for  gray-iron  ccistings  in  point  of 
chemical  and  physical  properties,  the  specimens  being  cut  from 
the  ribs  in  the  head  section  of  the  coltmms.  The  tests  made  on 
the  iron  of  the  vertically  cast  columns  were  too  few  to  be  con- 
clusive, but  they  indicated  difference  in  the  strength  of  the  iron 
of  15  to  20  per  cent  as  between  the  two  ends  of  the  coltmm  (Table 

9,  P-339)- 
The  wall  thickness  of  the  columns  differed  from  the   nominal 

thickness  by  a  maximum  oi  J4  of  an  inch  for  the  horizontally 
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cast  columns  and  iV  of  an  inch  for  the  vertically  cast  pipe  columns, 
the  difference  being  caused  mainly  by  displacements  of  the 
molding  core  in  casting  the  columns. 

Two  of  the  vertically  cast  columns  that  had  been  subjected  to 
fire  and  water  tests,  which  induced  permanent  lateral  deflections 
in  one  of  ^  inch  and  in  the  other  of  if^  inch,  were  subsequently 
loaded  to  failure,  the  maximum  sustained  being  36  400  and  34  700 
pounds  per  square  inch,  respectively. 

(2)  Deformation  and  Temperature. — ^The  same  general 
characteristics  of  deformation  and  temperature  obtained  for  the 
cast-iron  as  for  the  steel  columns.  The  average  unit  expansion 
attained  by  the  cast-iron  columns  was  0.0064  against  0.0054  for 
the  steel  colunms,  the  average  temperature  at  maximum  expansion 
and  at  failiire  being  about  70®  C  (126^  F)  higher  than  as  obtained 
with  the  steel  columns,  the  difference  being  due  to  the  lower 
allowable  working  loads  applied  to  the  cast  iron.  The  average 
applied  unit  loads,  if  assumed  carried  by  the  metal  section  alone 
was  6500  pounds  per  square  inch  as  compared  with  1 1  600  pounds 
per  square  inch  average  for  the  steel  columns,  a  difference  that 
was  considerably  reduced  by  the  interaction  of  the  coverings, 
which  were  heavier  arotmd  the  steel  columns  and  generally 
carried  larger  proportions  of  the  applied  loads  than  those  of  the 
cast-iron  columns. 

(3)  Cause  and  Character  op  Fah^ure. — Failure  in  the 
fire  test  was  primarily  due  to  inability  of  the  metal  to  sustain 
load  at  the  given  temperature,  the  buddng  and  fracture  incident 
with  failure  being  in  tihe  nature  of  failure  effects.  The  partial  or 
full  fracture  of  the  metal  section  at  one  or  more  points,  resulted 
in  almost  complete  loss  of  load-sustaining  capacity.  The  direction 
of  the  deflection  for  the  columns  having  uneven  wall  thickness 
was  quite  uniformly  toward  the  side  with  the  heavier  thickness, 
due  evidently  to  compressive  yielding  of  the  thinner  and  more 
highly  stressed  metal  on  the  opposite  side, 

(c)  PIPS  COLUMNS 

(i)  Material  and  Manufacture. — ^No  tests  of  the  metal  of 
the  pipes  were  obtained,  but  the  material  was  apparently  mild 
steel.  The  metal  was  of  standard  thickness.  CyMnders  taken 
of  the  i:iK:3  concrete  mixed  for  the  filling  of  the  plain  pipe 
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cohimn  developed  an  average  compressive  strength  of  very  nearly 
4000  pounds  per  square  inch  at  the  time  the  column  was  tested. 

The  columns  were  filled  at  the  manufacturer's  plant  and  fur- 
nished complete  with  bearing  details,  the  latter  being  arranged  to 
i^proximale  conditions  of  use  in  buildings  (Pig.  7,  p.  24). 

(2)  Dbpormahon  and  Tbicpbrature. — ^Tbe  metal  being 
eiqposed,  attained  early  in  the  fire  test  a  higher  temperature  than 
the  filling,  and  eyi>anding  away  from  the  latter,  would  assume 
most  of  Ijie  applied  load,  the  unit  stress,  if  all  of  the  load  was 
carried  by  the  pipe  metal,  being  16  500  pounds  per  square  inch 
for  the  plain  concrete-filled  pipe  column.  The  point  of- maximum 
expansicm  was  in  this  case  well  defined  and  was  attained  at  an 
earlier  period  and  lower  temperature  than  in  tests  of  steel  and 
cast-iron  columns  of  about  IJie  same  duration,  due  to  the  higher 
load  sustained  by  the  metal.  The  compressive  deformation  subse- 
quent to  mayinnmi  expansion  was  large  and  developed  the 
strength  of  the  concrete  filling  before  failure  occurred. 

The  reinforced-pipe  column  which  had  structural  angles  em- 
bedded in  the  concrete  filling,  expanded  only  a  small  amount 
during  the  fire  test,  3deld]ng  of  the  pipe  metal  under  the  high 
induced  stresses  beginning  early  in  the  test.  Toward  the  end  of 
the  test  the  temperature  of  the  pipe  was  so  high  that  it  could 
have  sustained  only  a  small  part  of  the  load,  which  must  have 
been  carried  mainly  by  the  steel  reinforcement  with  stresses  too 
high  to  permit  much  expansiacu 

Lateral  deflections  began  at  about  the  time  the  pipe  metal 
began  to  3Hleid  and  increased  as  failure  was  approached. 

(<0  RSmFORCBD-CONCRBTB  COLUMNS 

(i)  Mechanical  Properties  of  the  Concrete. — ^Made  under 
conditions  approximating  those  obtaining  in  building  construc- 
tion, the  concrete  developed  wide  vari^ility  in  strength  and  elastic 
prc^erties,  the  principal  cause  of  idiich  was  difference  in  water 
content  of  the  concrete  mixture.  The  average  conqnressive 
strength  of  8  by  16  inch  cylinders  of  1:2:4  limestone  and  of 
trap-rock  concrete  made  from  the  concrete  mixed  for  the  rein- 
forced-concrete  columns  was  1525  pounds  per  square  indi  at  28 
da3rs  and  1930  pounds  per  square  indi  at  16  months,  with  max- 
imum variations  above  and  below  the  averages  of  67  and  54  per 
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cent,  respectively.  The  modulus  of  elasticity  at  650  pounds  per 
square  inch  had  an  average  value  of  3  080  000  pounds  per  square 
imh  with  concrete  aged  16  months,  its  Variability  being  somewhat 
greater  than  that  of  the  compressive  strength.  This  variability 
in  strength  and  elastic  properties  appears  to  have  had  little  in- 
fluence on  the  fire  resistance  of  the  concrete. 

(2)  Deformation  and  Thbiferatuke. — Maximum  tmit  e3cpan- 
sion  of  0.0023  to  0.0046  were  observed  in  fire  tests  of  rdaiforced- 
eoncrete  columns,  the  average  being  about  one>half  of  Hiat  found 
for  cast-iron  columns.  The  indications  are  that  a  considerc^le 
portion  of  the  expansbn  was  due  to  the  vertical  steel  reinforoe- 
ment,  maximum  expansion  being  coincident  with  temperatures 
in  the  reinforcement  of  400  to  500®  C,  in  which  region  yielding  of 
the  metal  takes  place  under  stresses  that  were  lik^  to  be  induced 
in  the  bars  by  their  h^her  eaqpansion  rate  with  reference  to  the 
concrete.  With  limestone  or  trap'^xx^  concrete  and  with  lateral 
ties  not  less  than  12  inches  apart  no  tendency  for  the  vertical  bars 
to  buckle  before  failure  was  noted. 

Following  maximum  expansion,  the  columns  gradually  com- 
pressed, the  rate  being  less  rapid  than  for  steel  and  cast-iron 
columns  (Figs.  169  to  1 71) .  Temperatures  at  failure  in  the  center 
of  the  trap-rock  concrete  columns  that  failed  in  the  fire  test 
averaged  450®  C  (842®  F),  and  in  the  vertical  rdnfordx^  bars 
894''C(i64i^F). 

(3)  Charactbr  OP  Failure. — The  columns  failed  kx^ally  by 
compression  or  by  combined  compression  and  shearing  on  in- 
clined planes,  the  vertical  bars  buckling  and  lateral  ties  or  hoop- 
ing, breaking,  or  yielding  at  the  point  of  failure.  No  large  lateral 
deflections  developed  either  before  or  at  failure. 

(«)  TIMBXR  COLUICHS 

(i)  QuAUTY  OF  Materiai.. — ^Thc  timber  was  long-leaf  pine 
and  Douglas  fir  of  select  structural  grade  and  conformed  with  the 
requirements  of  published  specifications  for  structural .  timber 
(Table  2). 

(2)  Deformation  and  Temperature. — ^Except  for  slight  ex- 
pansions noted  during  the  first  few  minutes  of  the  test,  the  timber 
contracted  or  compressed  tmder  the  combined  load  and  fire  con- 
dition, most  of  the  deformation  occurring  in  the  wood  at  its 
bearings  on  the  metal  cap  introduced  near  the  top  of  the  column, 
the  crushing  of  the  wood  at  these  points  causing  progressive 
depression  of  the  top  of  the  timber  columns  (Fig.  47,  p.  126). 
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The  temperature  in  the  timb^  away  from  th^  surface  apd  the 
cap  bearings  was  retarded  by  the  evaporation  of  moisture  and  the 
low  heat  conductivity  of  the  wood  and  did  not  exceed  100^  C 
(212^  F)  until  near  failtire  (Figs.  140  and  141).  In  the  metal 
cap.  at  the  edge  of  the  column  bearing  the  temperatures  at  failure 
varied  for  the  diflEerent  tests  from  432  to  544®  C  (810  to  loi  i  ®  F) 
(Table  43,  p.  122). 

(3)  Cause  of  Faiujre. — ^The  cause  of  faflure  of  the  timber 
columns  was  loss  of  strength  of  the  wood  at  the  cap  bearingSi 
due  to  conduction  of  heat  from  the  flanges  of  the  metal  caps  to 
the  bearing  plates  and  into  the  wood.  The  consequent  softening 
of  the  wood  caused  the  columns  to  slip  laterally  on  their  bearings 
with  the  sted-plate  caps  and  to  fracture  the  cast-iron  caps.  While 
the  test  fire  reduced  the  area  of  the  columns  by  29  to  55  per  cent 
thdr  resistance  to  fire  and  load  outside  of  the  bearii^  was  not 
fully  developed  in  the  tests. 

2.  USBFm.  LIMITS 

The  useful  limit  point  with  reference  to  fire  exposure  of  columns 
is  here  taken  as  the  limit  of  the  period  within  which  the  effects  on 
the  elements  designed  to  carry  load  do  not  permanently  in^air 
their  essential  structural  properties  to  such  extent  as  to  make 
them  unsuitable  for  further  use. 

(a)  STRUCTUSAL-STSSL  Am>  CAST-IRON  COLUMNS 

The  test  characteristics  indicate  that  for  columns  restrained  at 
the  ends  and  with  slendemess  ratio  not  exceeding  80,  the  useful 
limit  is  approximately  equal  to  the  period  of  expansion  as  given 
in  Table  43  (p.  1 22)  and  Fig.  45.  The  measured  center  deflections  of 

columns  within  the  given  -  limit  did  not  exceed  X  itich  at  the  end 

of  the  expansion  period.  The  deflection  of  some  of  the  columns 
of  higher  slendemess  ratio  was  larger,  although  at  the  given  stage 
all  measured  deflections  were  within  i  inch.  Since  failure  in  details 
such  as  riveting  was  not  apparent  in  any  test,  unfavorable  condi- 
tions in  this  respect  could  not  have  existed  at  any  time  preceding 
failure. 

Recent  tests  made  by  the  Bin-eau  of  Standards  on  specimens 
of  structural  shapes  that  were  heated  under  load  up  to  the  point 
of  maximum  expansion  and  cooled  indicate  little  or  no  distortion 
of  shape,  loss*in  strength,  or  change  in  elastic  properties.  The 
compressive  set  on  cooling  and  removal  of  load  was  not  large 
enough  to  be  objectionable  as  applied  to  a  building  column. 
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In  the  case  of  the  structural-steel  columns  with  2-inch  Chicago 
limestone  or  Jofiet  gravel  concrete  coverings  the  interval  between 
maximum  expansion  and  failure  was  equal  to  73  per  cent,  or  more, 
of  the  expansion  period,  and,  considering  the  consequent  lower 
rate  of  deformation  of  the  column,  the  useful  limit  may  possibly 
extend  considerably  beyond  the  expansion  period.  The  same 
applies  to  the  coltmms  with  4-inch  concrete  coverings  made  with 
the  Chicago  limestone  aggregate,  which  withstood  the  fire  test  in 
excess  of  8  homrs. 

Damage  to  the  covering  is  not  considered  in  the  above  discus- 
sion, as  it  is  commonly  not  regarded  as  a  load-carrying  element. 

(b)  PIPE  COLUMNS 

For  the  unreinforced  pipe  coltmm  the  ua^ul  limit  can  be  taken 
as  the  period  of  expansion  in  the  fire  test 

For  the  reinforced  pipe  column  the  transfer  of  load,  as  caused 
by  successive  heating  and  expansion,  first  to  the  pipe  and  later  to 
the  structural  steel  reinforcement,  confounds  the  relation  existing 
between  maximum  expansion  and  useful  limit.  The  temperatures 
on  the  outside  of  the  pipe  indicate  that  the  usef  id  limit  was  reached 
after  between  20  and  30  minutes  of  fire  exposure.  The  center 
lateral  deflection  at  the  end  of  this  interval  was  ^  of  an  inch. 

(c)  RSINFORCSD-CONCRBTB  COLUMNS 

The  reinforced-concrete  colimms  expanded  less  than  the  steel 
and  cast-iron  columns,  reached  their  point  of  maximum  expansion 
at  a  relatively  earlier  stage,  and  the  subsequent  compressive  de- 
formations and  center  deflections  were  smaller.  Comparisons  of 
the  temperattures  of  the  reinforcing  bars  and  the  attending  tmit 
deformation  indicate  the  presence  of  high  compressive  stresses, 
although  with  concrete  of  the  given  aggregates  and  the  methods 
of  tying  employed  no  tendency  to  buckle  brfore  f  ailiure  was  noted. 
For  the  columns  that  withstood  the  8-hour  fire  test  and  sustained 
large  additional  loads  before  failure  it  is  believed  that  the  useftd 
limit  extended  up  to  the  end  of  the  fire  test  In  the  case  of  the 
columns  that  failed  in  the  fire  test  or  sustained  but  small  additional 
load  after  8  hours  the  matter  is  more  indeterminate,  although  it 
can  be  stated  that  large  compressive  deformations  did  not  obtain 
until  within  the  i  X  hours  preceding  failure. 

These  considerations  do  not  preclude  damage  to  4he  outer  con- 
crete covering  which  it  might  be  necessary  to  repair  or  replace 
after  fire  exposures  within  the  useftd  limit 


Digitized  by 


Google 


Fire  Tests  of  Building  Columns  169 

{i)  TIMBBR  COLUMNS 

The  effect  that  limits  the  useftdness  of  timber  columns  after  fire 
exposure,  as  far  as  it  concerns  the  timber,  is  surface  damage  from 
burning  away  of  the  wood,  with  consequent  reducticm  of  effective 
section.  Large  compressive  deformation  of  the  coltmm  due  to 
impairment  of  the  imbumed  wood  from  the  heat  apparently  ob- 
tains only  for  points  nearer  failure.  The  amount  of  reduction  in 
area  that  can  be  allowed  depends  on  the  basis  of  design.  In  com- 
mon with  general  practice,  the  whole  area  of  the  test  columns  was 
assumed  to  carry  load,  no  portion  beii^  deducted  as  protection. 
Assuming  that  the  initial  factor  of  safety  was  no  more  than  ade- 
quate, minor  reductions  in  area  wotdd  render  the  colunm  unfit  for 
further  use.  Practical  requirements  relative  to  minimum  and 
standard  sizes  often  restdt  in  loadings  lower  than  the  safe  working 
limit,  in  which  case  proportionate  reductions  in  area  due  to  fire 
cotdd  take  place  without  impairing  the  safe  load-carrying  c£q)acity. 

With  reference  to  fire  effects  on  unprotected  steel  and  cast-iron 
bearings,  the  rapid  rates  of  deformation  obtaining  after  20  minutes 
in  tests  of  unprotected  timber  columns  indicate  that  the  usefid 
limit  in  this  particular  did  not  extend  much  beyond  this  period 
(Fig.  47,  p.  126).  For  the  protected  timber  columns  the  usefid 
limit  in  this  respect  extended  to  within  about  the  same  time 
interval  (15  to  30  minutes)  before  failure,  as  in  the  tests  of 
unprotected  timber  columns. 

(e)  PRACTICAL  APPUCATI(»f 

The  above  conclusions  relative  to  usefid  limits  find  application 
where  it  is  desired  to  design  and  protect  columns  so  they  will  not 
be  materially  injured  by  a  fire  that  consumes  the  contents  of  the 
structure  sup>ported  by  them.  In  applying  the  results  of  these 
tests  for  this  purpose  it  is  necessary  to  make  deduction  for  varia- 
tions in  material  and  workmanship  not  developed  in  the  tests. 
The  percentage  reduction  can  be  safely  taken  as  that  used  in  de- 
ducing ultimate  fire  resistance  periods  in  the  concluding  section 
of  this  paper.  The  period  of  expansion  is  influenced  to  less  extent 
by  incidental  conditions,  such  as  load-carrying  capacity  of  covering 
materials,  than  is  the  time  to  failure. 

While  the  useful  limit  may  be  made  the  basis  of  design  of  col- 
umns and  coverings  in  special  cases,  it  is  believed  that  the  most 
general  use  of  the  test  results  will  be  that  based  on  the  ultimate 
fire-resisting  point;  hence  no  detailed  application  of  the  former 
will  here  be  made. 


Digitized  by 


Google 


1 70  Technologic  Papers  of  the  Bureau  of  Standards 


1 


It 

I  ^ 

I* 
ll 


I 

i 


Digitized  by 


Google 


Fire  Tests  of  Building  Cohinms  171 

3.  DISCUSSION  OP  TBSX  DATA 

The  considerations  herewith  given  relate  to  test  duration,  period 
of  expansion,  and  the  causes  immediately  affecting  them.  Com- 
parisons of  the  time  to  failure  of  columns  in  the  fire-test  series 
arranged  by  groups  are  given  in  Fig.  48,  which  also  provides  a 
measure  of  the  variation  obtaining  within  each  group.  Further 
comparisons  of  time  to  failure  and  period  of  expansion  are  given 
in  Table  43  (p.  122)  and  Figs.  42  (p.  114)  and  45  (p.  121).  In 
the  discussion  the  time  periods  will  be  given  to  the  nearest  minute. 

(a)  mnwBsjscE  m  ooiJJWfa,  test  xzposurx,  Am>  servxcb  conDmoNs 

(i)  Variations  Dub  to  Dipperencb  m  Coi<umns. — ^Among 
the  effects  tending  to  produce  variation  in  results  with  given 
types  of  protection  for  the  same  thickness  of  covering  are  size  and 
shape  of  structural  section  and  consequent  differences  in  intensity 
of  loading  and  resistance  to  fire;  differences  in  fire-resisting  prop^ 
erties  of  subclasses  of  covering  material  within  each  group,  such 
as  concrete  of  the  different  aggregate  combinations  and  hollow 
clay  tile  of  the  various  types  of  clay;  variations  in  methods  and 
details  of  application;  incidental  variations  in  material  and 
workmanship.  TlKse  are  discussed  in  connection  with  each  group 
whenever  the  test  results  developed  information  on  any  given 
particular. 

A  fairiy  wide  range  of  structural  section  was  employed  in  the 
tests,  and  it  is  believed  that  the  influence  of  this  factor  was  suffi- 
ciently determined. 

One  or  more  representative  materials  from  each  of  the  main  sub- 
classes of  covering  material  were  introduced.  It  is  appreciated 
that  considerable  differences  in  mineral  composition  and  structure 
may  exist  betwe^i  material  in  a  given  subclass  as  occurring  in 
different  localities,  and,  while  the  ctifference  in  fire-resisting  prop^ 
erties  may  be  d  minor  order,  wide  application  of  the  results  of 
the  tests  will  have  to  be  made  with  care  until  the  knowledge  on  the 
subject  has  been  extended  by  further  tests. 

The  full  range  in  results  due  to  difference  in  methods  of  applica- 
tion and  in  incidental  variations  in  materials  and  workmanship  was 
not  developed  in  the  tests ,  as  this  required  a  greater  number  of  test 
duplications  than  could  be  introduced.  In  general,  poured  cover- 
12^  are  subject  to  smaller  incidental  differences  than  those  built 
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up  from  small  units;  also,  if  stability  is  assured,  a  large  element  of 
vaiiability  is  eliminated.  It  is  also  thought  probable  that  coltmins 
and  protections  in  buildings  are  subject  to  greater  variability  than 
those  constructed  for  the  tests,  the  latter  representing  workmanship 
of  more  uniform  quality. 

(2)  Variations  Due  to  Difference  in  Load  and  Fire 
Conditions. — In  the  tests  the  amount  of  load  applied  on  a  given 
column  section  or  column  type  was  subject  to  minor  variations 
only,  the  errors  being  generally  within  i  per  cent.  Comparisons 
of  the  initial  deformations  produced  in  opposite  flanges  of  indi- 
vidual columns  indicate  maximum  outer-fiber  stresses  in  several 
tests  up  to  25  per  cent  above  what  would  obtain  for  uniform  dis- 
tribution of  load.  These  can  be  ascribed  mainly  to  bending  stresses 
induced  by  uneven  bearings  and  are  no  larger  than  those  generally 
incident  with  compression  tests  or  with  normal  loading  oi  columns 
in  buildii^s. 

The  loads  applied  in  the  tests  were  about  10  per  cent  higher 
than  those  derived  from  the  coltmm  formula  employed.  While 
floors  in  buildings  are  subject  to  overload  by  more  than  this 
amount,  the  resultant  load  on  the  columns  is  likely  to  be  reduced 
by  the  distribution  of  load  concentrations  to  several  coltunns  and 
by  the  equalizing  efiect  of  loadings  from  several  stories. 

As  exposed  to  fire  in  buildings,  individual  columns  may  take 
added  load  due  to  higher  temperatine,  and  consequent  greater 
expansion,  than  the  adjacent  columns  of  the  story,  particularly 
if  they  are  not  fully  protected.  For  steel  or  cast-iron  columns  the 
additional  load  assumed  is  limited  by  the  ultimate  flexural  strength 
of  their  connections  to  the  floor  beams  framing  into  them.  In  the 
case  of  interior  columns  the  additional  load  possible  to  assume 
on  this  basis  will  sddom  exceed  20  per  cent  of  the  nominal  fioor 
loads.  Reinforced-concrete  columns  have  more  rigid  fLoor  con- 
nections  than  steel  or  cast-iron  columns,  but,  due  to  their  lower 
expansion  and  rate  of  temperattu^  rise,  more  unfavorable  loading 
conditions  as  due  to  tmequal  expansion  are  not  likely  to  occur. 

The  furnace  exposures  are  given  in  the  test  results  as  percentages 
of  the  average  of  all  tests,  the  quantity  compared  beiiog  the  area 
under  the  average  time-temperature  curve  of  each  test  For  the 
^lorter  tests  with  upper  limit  of  duration  of  about  one  hour  the 
difference  in  exposure  may  have  had  a  considerable  influence  on 
results,  considering  also  that  the  percentages  given  do  not  indicate 
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the  full  measure  of  the  difference  due  to  lag  of  the  pyrometers. 
For  the  longer  tests,  variations  in  test  results  due  to  difference  in 
furnace  exposure  were  apparently  of  minor  importance. 

Comparing  the  average  time-temperature  cinve  of  the  coltunn 
tests  with  the  reference  curve  (Fig.  39)  a  fair  agreement  is  seen  to 
have  been  attained.  The  reference  curve  was  adopted  as  being 
consistent  with  furnace  exposmes  tised  in  previous  fire  tests,  and 
there  was  at  the  time  no  distinct  understanding  whether  it  should 
represent  indicated  temperatures  or  temperatures  corrected  for 
lag  and  radiation  effects,  little  information  on  the  extent  of  these 
effects  being  available.  Investigations  conducted  subsequent  to 
the  completion  of  the  coltunn  tests  disclosed  large  effects  due  to 
lag  dining  the  initial  period  of  the  fire  exposure  and  smaller,  but 
more  persistent,  effects  due  to  radiation  (p.  101-106,  Figs.  40 
and  41).  Any  time  temperature  relation  adopted  as  standard  is 
necessarily  more  or  less  arbitrary,  particularly  for  the  initial 
period.  Temperatures  attained  in  fires  afford  some  guidance, 
although  they  indicate  a  wide  range  in  intensity.  From  the  in- 
formation available,  points  on  the  reference  ciurve,  considered 
either  as  indicated  or  as  corrected  temperatiu-es,  while  not  the 
maximtun  attained  in  fires  of  exceptional  intensity,  represent 
severe  fire  conditions. 

(fr)  UBPROTBCTBD  COLUMlfS 

Included  under  this  head  are  structural  steel,  cast-iron,  and 
pipe  columns  that  were  tested  without  protective  coverings,  all 
parts  of  their  sections  being  assumed  to  carry  proportionate  por- 
tions of  the  applied  load. 

(i)  Structdral-Steel.— The  time  to  failure  of  the  unprotected 
structural-steel  columns  varied  from  11  to  21  minutes  (Table  42a, 
p.  108) .  The  difference  in  results  for  the  various  column  types,  while 
due  in  part  to  variation  in  furnace  exposing,  is  attributable  also  to 
difference  in  thickness  of  metal  and  in  the  tmit  loads  sustained, 
sections  with  thin  members  imder  the  higher  unit  loads  failing 
sooner  than  sections  whose  members  were  arranged  to  form  heavy 
metal  thickness.  Fig.  49  is  a  plot  between  unit  load  sustained, 
and  time  to  failure  in  tests  of  unprotected  structural-steel  columns, 
showing  the  inverse  relation  obtaining  between  them.  The  varia- 
tion in  the  unit  load  applied  was  due  to  difference  in  slendemess 
ratio  between  the  different  sections. 
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Tfane  to  f ttBurc  in  ndsratts 
Fio.  49. — Effect  of  load  onfm  resistance,  unprotected  strmctwral^steel  columns 

The  average  time  to  failiire  of  the  eight  structural-steel  sec- 
tions was  15  minutes  and  the  average  period  of  expansion  was  13 
minutes  (Table  43).  Maximum  temperatures  from  578  to  668®  C 
(1072  to  1234®  F)  were  attained  on  the  outside  of  the  metal 
near  the  edges.  It  is  difficult  to  estimate  the  average  eflfective 
temperature,  since  the  rise  was  too  rapid  to  permit  assuming  tem- 
perature tmiformity  over  the  thickness  of  the  metal.  Tests 
recently  made  by  the  Bureau  of  Standards  on  small  specimens 
indicate  that  for  the  loads  sustained  by  the  unprotected  columns 
the  f ailture  temperatures  of  the  structural  steel  fell  within  the 
limits  550  to  650  ®  C  (1022  to  1202®  F). 

(2)  Cast-Iron. — ^The  average  time  to  failure  of  the  unprotected 
and  imfilled  cast-iron  cohunns,  one  of  which  was  tested  with  ends 
restrained  and  two  with  imrestrained  ends,  was  34  minutes,  the 
variation  beixig  less  than  one  minute  for  the  three  tests.  The 
periods  of  expansion  varied  from  22  to  24  minutes.  The  longer 
test  periods  and  higher  temperatures  attained  as  compared  with 
the  structural-steel  coltunns  can  be  attributed  largely  to  the  lower 
allowable  unit  loads  applied  to  cast  iron  and  the  relatively  smaller 
surface  exposed  to  the  fire.  As  judged  by  the  direction  of  the 
lateral  deflection,  failiure  in  compression  appears  to  have  started 
on  the  side  having  the  thinnest  metal.  Filling  the  interior  with 
concrete  (test  No.  11)  increased  the  time  to  failiu-e  11  minutes, 
with  a  smaller  proportionate  increase  in  the  length  of  the  expan- 
sion period. 
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In  the  two  fire  and  water  tests  of  cast-iron  columns,  water  was 
applied  when  the  columns  had  attained  maximum  expansion,  the 
metal  being  at  low  red  heat.  No  cracks  developed  in  the  metal, 
the  only  effect  being  permanent  lateral  deflections  of,  respectively, 
}i  and  1/i  inch  toward  the  side  on  which  water  was  applied. 

(3)  PiPB  Columns. — ^The  time  to  failure  of  the  7-inch  pipe 
column  was  36  minutes  and  maximum  expansion  was  attained 
at  14  minutes. 

The  8-inch  reinforced  pipe  column  failed  after  i  hour  12  minutes, 
and  maximum  expansion  was  attained  at  52  minutes.  The 
column  expanded  only  a  small  amount  after  25  minutes,  the  total 
expansion  being  about  >^  of  an  inch.  The  high  temperatures  on 
the  surface  of  the  pipe  indicate  that  dtmng  the  last  half  of  the 
test  period  nost  of  the  load  was  carried  by  the  structural-steel 
reinforcement. 

(e)  PARTLY  PROTBCTBD  COLUMNS 

Filling  the  reentrant  portions  or  interior  of  the  structural- 
steel  sections  with  concrete  greatly  increased  their  fire-resisting 
property  as  compared  with  that  in  the  unprotected  condition 
(Table  426).  The  difference  was  due  to  slower  temperatm^ 
rise  in  the  metal  resulting  from  the  heat  insulating  and  absorbing 
properties  of  the  filling  and  to  the  load-carrying  capacity  of  the 
concrete,  the  longer  time  intervals  between  maximum  expansion 
and  failure  being  due  in  great  part  to  the  latter  factor. 

Temperature  differences  up  to  450®  C  (810®  F)  existed  between 
the  exposed  flanges  and  the  protected  webs,  the  temperature  of 
the  latter  at  failure  being  generally  below  500**  C  (932**  F). 

(i)  Effect  of  Section  and  Size.— No  decided  effect  due  to 
variation  in  sh^e  of  structural  section  was  noted  except  as  it 
affected  the  size  of  the  column. 

In  Fig.  50  is  shown  the  relation  between  time  to  failure  and 
area  of  material  in  cross  section  for  all  tests  of  partly  protected 
columns,  except  No.  22,  which  was  eliminated  as  being  in  effect 
a  protected  coltunn.  The  relation  shown  accounts  for  the  varia- 
tion in  results  within  the  groiq>  as  being  due  in  large  part  to 
difference  in  size. 

(2)  Effect  of  Concrete  Aggregate  and  Ties. — In  the  tests 
of  short  duration  the  concrete  aggregate  appears  to  have  affected 
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Fio.  50. — Effed  ofsise,  partly  protected  columns 

results  to  a  minor  extent  only,  while  in  those  of  longer  duration 
(Nos.  18  and  22)  the  results  compare  with  those  obtained  for 
concrete  protections,  which  they  more  nearly  resemble. 

Metal  ties  were  placed  in  the  concrete  of  all  partly  protected 
columns  where  not  contained  by  the  section  members  as  in  the 
latticed  columns.  No  tendency  was  noted  on  the  part  of  the 
fining  to  spall,  buckle,  or  otherwise  come  loose  before  failure. 
The  extent  to  which  the  ties  functioned  to  prevent  such  effects  is 
not  fully  determinate,  although  in  tests  of  concrete  protections 
made  with  the  same  aggregate  little  cracking  or  spalling  was  noted 
within  the  given  time  periods. 

(d)  PLASTER  ON  MBTAL-LATH  PROTBCTIONS 

(i)  Material  and  Design. — ^The  Portland-cement  plaster,  of 
proportion  i :  -Af:  2>^  volume  parts  of  Portland  cement,  hydrated 
lime,  and  coarse  lake  sand,  as  mixed  by  the  workmen  for  the  pro- 
tections and  tested  in  2 -inch  cubes,  developed  an  average  com- 
pressive strength  of  1677  potmds  per  square  inch  at  28  days  and 
2623  pounds  per  square  inch  at  an  average  age  of  16K  months, 
with  maximum  range  in  individual  tests  of  44  per  cent  below  and 
60  per  cent  above  the  given  averages  (Table  25,  Fig.  23).  Cubes 
made  in  the  laboratory  of  the  same  materials  and  average  water 
content  (16.7  per  cent)  gave  lower  compressive  strength,  both  as 
stored  in  air  and  in  water  (Table  28,  p.  356). 
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The  metal  lath  was  wrapped  arotrnd  the  structural-steel  columns 
on  bars  or  on  pressed-steel  channels  acting  as  spacers,  and  the 
plaster  applied  in  layers  Htoiyi  inches  thick,  each  consisting  of 
two  body  coats.  The  double-layer  protections  had  a  f^-inch  air 
space  between  layers.  For  the  cast-iron  column  the  plaster  was  ap- 
plied on  high-ribbed  metal  lath  supported  directiy  on  the  column. 
A  broken  air  space  of  about  K  an  inch  thickness  was  formed  next 
to  the  metal,  due  to  failure  of  the  plaster  to  fully  fill  the  space 
back  of  the  lath. 

(2)  Test  Rbsui/TS. — ^The  average  time  to  failure  of  the  struc- 
tural-steel columns  with  single  layer  protection  was  i  hour  16 
minutes,  and  of  those  with  double-layer  protection  2  hom^  38 
minutes,  the  two  tests  of  each  varying  from  the  average  by  less 
than  1 5  minutes  (Table  42c,  p.  109) .  The  cast-iron  column  protected 
by  a  single  layer  of  iK-u>ch  average  thickness  with  a  broken  air 
^ace  between  it  and  the  iron  (test  No.  27)  stood  up  longer  by  a 
few  minutes  than  any  of  the  other  columns  in  the  group. 

The  temperature  distribution  across  the  section  was  generally 
very  uniform,  and  the  variations  in  the  length  of  the  coltmm  were 
not  large  (Figs.  97  and  98) .  This  was  due  to  the  air  ^ace  between 
the  covering  and  the  structural  section,  which  permitted  free  heat 
interchange  in  the  coltmm,  uxmiodified  by  the  temperature  gra- 
dients in  the  covering  material. 

(3)  Cracking  Dub  to  Expansion  of  Covering. — Diuing  the 
first  2o-minute  period  in  all  tests  of  Portiand-cement  plaster  pro- 
tections, cracking  and  disruption  of  the  plaster  took  place  below 
the  bracket  near  the  top  of  the  column.  This  was  evidentiy  due 
to  expansion  of  the  plaster  layer,  which  was  restrained  at  the  top 
of  the  column  and  at  the  bottom  bearing.  This  effect  appears  to 
have  had  littie  influence  on  the  time  to  f  ailtu-e  in  the  given  tests, 
tiie  r^on  of  maximum  column  temperature  and  failure  being  in 
all  cases  within  the  middle  4  feet  of  the  column  height 

The  sand  used  in  the  plaster  was  high  in  insolubles  (chiefly 
silica)  and  low  in  caknte  and  dolomite  (Table  14,  p.  342). 
20184*— 21 — 12 
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(4)  Effect  of  Variation  in  Detaiw  of  Application. — Com- 
paring the  layer  thickness  of  test  No.  23,  where  the  plaster  was 
applied  on  expanded  metal  lath,  with  that  of  test  No.  24,  where 
woven-wire  lath  was  used,  and  also  the  outer  layer  thickness  with 
the  inner  in  test  No.  1 10,  applied,  respectively,  on  expanded  metal 
and  on  woven  wire,  a  heavier  layer  thickness  by  }i  inch  was 
attained  in  all  cases  with  the  expanded  metal  (Tables  ^d  and  4(/). 
This  difference  in  layer  thickness  may  account  in  part  for  the  longer 
test  duration  of  No.  23  as  comparol  with  No.  24.  Further  indi- 
cations that  layer  thickness  is  an  important  element  in  the  pro- 
tection given  is  had  in  the  case  of  tests  Nos.  25  and  26,  where,  with 
a  difference  in  layer  thickness  of  yi  inch,  a  difference  in  time  to 
failure  of  16  minutes  obtains. 

The  tests  developed  no  evidence  that  the  method  of  supporting 
the  lath  had  any  influence  on  results  (cf.  Sec.  IV,  par.  2a,  p.  56). 

All  double  coverings  had  an  air  space  about  >^  of  an  inch  wide 
between  the  inner  and  outer  layers.  No  tests  were  made  with  a 
single  layer  equivalent  in  thickness  to  that  of  two  double  layers, 
hence  no  direct  evidence  relative  to  the  value  of  the  air  space  as 
an  insulating  medium  was  obtained. 

(5)  Effect  of  Water  Application. — ^The  water  carried  away 
some  loose  pieces  near  the  top  of  the  column  where  cracking  and 
spalling  had  taken  place  during  the  fire  period  (Fig.  87).  It  ex- 
posed the  lath  at  the  comers  of  the  outer  layer  for  portions  of  the 
height.  The  test  did  not  appear  to  have  materially  injured  the 
insulating  value  of  the  covering  since  the  time  to  failure  in  the 
subsequent  fire  test  nearly  equaled  that  of  the  corresponding  test 
(No.  23)  in  the  fire  series  (Table  44,  test  No.  no). 

(e)  COITCRBTB  PROTBCnONS 

(i)  Mechanical  Properties  of  the  Concrete. — ^The  com- 
pressive strength  of  8  by  16  inch  qrlinders  made£rom  1 12 14  gravd 
or  crushed-stone  concrete  mixed  for  the  column  coverings  under 
conditions  approximating  those  of  building  practice,  averaged 
1 520  pounds  per  square  inch  at  29  days  and  2 100  pounds  per  square 
inch  at  an  average  age  of  15  months,  the  maximum  range  of 
individual  test  results  being  118  per  cent  above  and  57  per  cent 
below  the  given  average  values  (Table  21,  p.  346).  As  shown  in 
^^g'  15  (P-  66)  >  the  range  in  results  increased  with  the  number  of 
tests  in  the  group,  indicating  that  in  the  groups  with  the  smaller 
number  of  tests  the  full  possibility  of  variation  was  not  developed. 
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The  principal  cause  of  the  variation  in  strength  was  appar- 
ently difference  in  consistency  of  the  concrete  mixtures.  Increas- 
ing the  time  of  mixing  from  one  minute  to  two  minutes  gave  an 
indicated  increase  in  the  average  compressive  strength  of  45  per 
cent  (Fig.  19,  p.  69). 

The  modulus  of  dasticity  of  the  concrete  varied  approximately 
with  the  compressive  strength  from  less  than  i  000  000  to  over 
4  000  000  pounds  per  square  inch  (Fig.  21).  This  large  varia- 
bility in  the  mechanical  properties  of  the  concrete  appears  to 
have  had  little  influence  on  its  fire-resistive  properties,  the  latter 
depending  chiefly  on  the  mineral  conq)osition  of  the  aggr^ates 
employed. 

(2)  Function  of  Concrbte  as  a  Covering  Material. — Con- 
crete applied  as  a  protective  covering  or  filling  to  steel  or  cast- 
iron  columns  retarc^  the  temperature  rise  in  the  metal  when  the 
column  is  exposed  to  fire  and  further  retards  the  failure  by  carry- 
ing portions  of  the  coltmm  load  proportionate  to  its  relative  area 
and  rigidity  as  compared  with  the  metal. 

The  protections  were  applied  as  square  or  round  coverings, 
generally  2  indies  and  4  inches  in  thickness  as  measured  from  th,e 
surfaceof  the  covering  to  the  metal.  The  time  to  failure  in  the 
fire  tests  varied  from  i  hour  47  minutes  to  7  hours  57  minutes  for 
the  2-indi  protections,  and  from  3  hours  41  minutes  to  over  8 
hours  for  the  4-inch  protections  (Table  42^,  p.  1 10). 

(3)  Variations  due  to  Concrete  Aggregate. — ^With  a  given 
thickness  or  size  of  covering  the  main  cause  of  variation  in  re- 
sults was  the  diffa-ence  in  fire-resisting  properti^  of  concrete 
made  with  different  aggr^ates.  In  this  particular  the  concrete 
can  be  placed  in  three  groups.  That  giving  the  most  tmf avorable 
results  was  the  concrete  made  with  Meramec  River  sand  and  gravel, 
a  number  of  large  cracks  forming  early  in  the  tests  followed  by 
q)alling  of  large  and  small  pieces  of  concrete  not  held  by  the 
ties  (test  Nos.  39  and  45).  This  sand  and  gravel  consist  almost 
wholly  of  quartz  and  chert  grains  and  pebbles,  the  gravel  having 
a  particularly  high  chert  content.  Both  minerals  are  forms  of 
silica  (SiO,),  the  quartz  being  crystalline  and  anhydrous,  and  the 
chert  amorphous,  with  a  variable  amount  of  water  in  chemical 
combination.  On  being  heated  part  of  the  combined  water  in 
the  chart  is  liberated,  and  the  consequent  vaporization  disrupts 
the  pebbles.    Other  causes  of  disruption  of  concrete  made  with 
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siliceous  aggregates  are  abrupt  volume  changes,  pQints  of  which 
are  known  to  exist  for  chert  as  low  ^  210®  C  (410*^  F).  Quartz 
has  a  decided  point  of  abrupt  volume  change  at  573®  C  (1063*^  F), 
where  it  is  transformed  into  the  mineral  trid3^mite,  the  change 
extending  over  a  considerable  temperature  range  when  the  heating 
is  rapid.  Liquid  inclusions  contained  in  small  cavities  formed 
when  the  rock  crystallized  from  the  molten  condxtion  may  be  the 
cause  of  some  of  the  cracking  incident  with  fire  exposure. 

The  middle  group  includes  concrete  made  with  trap  rock, 
granite,  sandstone,  and  hard-coal  dnder. 

In  tests  with  trap-rock  and  dnder  concrete  a  smaU  amount  of 
cracking  developed  during  the  last  part  of  the  fire  period,  but  no 
spalling  of  note  occurred  before  faihue.  In  the  granite-concrete 
protections  the  cracks  developed  earlier  in  the  test,  and  portions 
of  the  comers  spalled  off  during  the  last  30  minutes  of  the  test 
period.  In  the  tests  with  sandstoneKX)ncrete  protections  cracking 
and  spalling  of  comers  outside  of  the  wire  tie  b^an  in  the  first 
30-minute  period  and  continued  dining  the  next  hour,  after 
which  there  was  little  apparent  change  before  faihae.  The  spal- 
ling exposed  portions  of  the  flange  edg^,  which  to  some  extent 
, hastened  the  failure.  The  average  time  to  failure  in  t^sts  with 
sandstone-concrete  protections  was  intermediate  between  those 
with  trap-rock  and  those  with  cinder  concrete.  The  cracking  ci 
sandstone  concrete  after  a  short  fire  exposure  can  be  ascribed 
mainly  to  the  abmpt  volmne  change  of  the  constituent  quartz 
grains  as  noted  above. 

Fusion  of  the  trap-rock  concrete  occurred  where  the  tests  ex- 
tended beyond  7  hours,  the  concrete  being  affected  to  a  depth  of 
about  iK  inches.  Flowing  of  concrete  due  to  fusion,  while  not 
general,  occaaonally  formed  pockets  up  to  a  2-inch  depth. 
Incipient  fusion  to  about  the  same  depth  occurred  in  the  4-inch 
granite-concrete  protections,  although  no  actual  flowing  of  con- 
crete took  place. 

The  third  group  comprises  protections  of  Chicago-limestone 
concrete  and  Joilet-gravel  concrete.  The  composition  of  this 
gravel  is  similar  to  that  of  the  Chicago  limestone,  and  the  fire- 
resisting  properties  of  the  concrete  made  with  each  compare 
quite  closely.  Very  little  cracldng  resulted  on  exposure  to  fire 
and  their  heat-insulating  value  was  increased  by  the  change  of  the 
calcium  and  magnesium  carbonate  to  the  correq)onding  oxides* 
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This  process  retarded  the  flow  of  heat  through  the  r^on  of  change 
and  left  material  of  good  insulating  properties.  Immediately 
after  test  the  surface  of  the  concrete  was  firm,  but  after  a  few 
weeks  exposure  the  hydration  of  the  oxides  caused  slaking  and 
crumbling  of  the  calcined  material  (Fig.  62,  p,  221). 

(4)  Comparison  op  2  and  4  inch  Protections. — In  the  com- 
parison given  in  Fig.  51,  the  tests  of  concrete  protections  are 
arranged  by  groups  as  defined  in  the  preceding  paragraph,  the 
line  in  the  case  of  the  middle  group  connecting  the  average  vahie 
for  each  thickness.  Test  Nos.  40,  46,  and  47  are  omitted  in  this 
comparison  on  account  of  extreme  shape  and  size  of  section,  and 
No.  44  on  account  of  leaner  concrete  mixture. 


■^ "T ^ 

Time  to  Iftiliire  in  hooti 
Flo.  $i.'~-CoMparis0n  of  2'inch  and  4-inck  concnU  protections 

The  time  to  failure  under  working  load  was  not  determined  for 
the  4-inch  limestone-concrete  protections,  as  they  were  loaded  to 
failure  after  withstanding  the  fire  test  in  excess  of  8  hours.  They 
all  attained  maximum  expansion  within  the  last  30  minutes  of  the 
8-hour  fire  period,  and  from  comparison  with  results  obtained 
with  the  corresponding  2-inch  protections,  failure  in  the  case  of 
the  4-inch  protections  would  not  have  taken  place  before  the  end 
of  10  hours,  assuming  the  same  load  and  the  same  furnace  tem- 
perature rise  as  obtained  during  the  8-hour  period. 
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(5)  Effect  op  Size. — ^In  Fig.  52  the  time  to  failure  in  tests 
with  concrete  protections  of  the  middle  group  is  plotted  against 
the  area  of  steel  and  concrete  in  the  cross  section.    Variations 
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from  the  general  trend  can  be  accotmted  for  as  due  to  concrete 
aggregate,  proportions  of  concrete  mixture,  type  of  section,  and 
to  incidental  dififerences  in  test  conditions  and  test  coliunns. 
The  extreme  variation  in  furnace  exposure  as  measured  by  the 
area  under  the  furnace  temperature  ciu^es  is  within  2  per  cent  as 
between  all  the  tests  plotted,  except  Nos.  34  and  34>1,  between 
which  there  is  a  difference  of  4  per  cent  (Table  42^) ,  which  latter 
may  be  responsible  for  the  difference  in  failure  time  of  the  two  tests. 

(6)  Effect  of  Strength  of  Concrete. — Some  decrease  in 
fire  resistance  due  to  leaner  mixture  may  be  noted  by  compari- 
son of  Nos.  33  and  33A  with  No.  35,  and  No.  43  with  No.  44. 

No  evidence  was  developed  that  variation  in  the  strength  of  the 
concrete  of  the  same  aggregate  and  proportion  of  mixture  had 
any  appreciable  influence  on  the  results  of  fire  tests  of  concrete 
protections.  This  was  due  to  the  large  change  in  mechanical 
properties  produced  by  the  heat.  Coxicrete  as  made  with  different 
aggregates  preserves  strength  to  different  degrees  on  exposure  to 
fire.  This  had  a  decided  influence  on  results,  the  longer  test 
periods,  and  particularly  the  longer  intervals  between  maximum 
expansion  and  failure  oi  the  limestone  concrete  and  Joilet-gravel 
concrete  coverings,  can  be  attributed  in  a  great  part  to  this  cause. 
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(7)  Influkncb  of  Shape  op  Section  and  Covering. — As  in 
the  case  of  the  partly  protected  coltunns,  the  only  well-defined 
effect  of  change  in  shape  of  structural  section  was  primarily  due 
to  the  resulting  difference  in  the  cross-sectional  area  of  the  cov- 
ered column. 

Round  and  square  coverings  of  trap-rock  concrete  displayed 
only  minor  differences  in  the  number  and  size  of  cracks  that 
developed  before  failure.  Fine  vertical  cracks  2  to  4  inches  from 
the  comers  formed  in  the  square  coverings  at  somewhat  earlier 
periods  than  the  first  cracks  noted  in  the  rotmd  coverings.  In 
neither  case  do  these  cracks  appear  to  have  had  any  appreciable 
influence  on  the  time  to  failure.  Coverings  made  of  concrete 
more  subject  to  cracking  may  possibly  develop  greater  differences 
due  to  shape,  although  with  concrete  made  with  highly  siliceous 
aggregates,  the  influence  of  the  aggregate  is  so  large  that  other 
effects  are  small  in  comparison.  This  is  shown  in  test  No.  45, 
where  the  round,  siliceous-gravel  concrete  covering  sustained 
severe  cracking  and  spalling  early  in  the  test  which  caused  failure 
over  one  hour  earlier  than  in  any  other  test  of  concrete  protection. 

(8)  Function  of  the  Wire  Tie. — In  all  tests  of  concrete  pro- 
tection, except  Nos.  28A,  33A,  and  47,  the  concrete  was  tied  by  a 
wire  tie  wound  spirally  around  the  structural-steel  section.  In 
Nos.  28A  and  33A  the  concrete  aggregate  was  Chicago  limestone. 
No  cracking  of  consequence  developed  before  the  end  of  these 
tests,  and  the  absence  of  the  tie  had  no  influence  on  the  results. 
In  the  pase  of  the  dnder-concrete  protection  in  test  No.  47  no 
cracking  of  note  occurred  until  near  failure  and  after  the  column 
had  sustained  targe  compressive  deformation.  About  two  minutes 
before  failure  most  of  the  covering  fell  off.  This  would  have  been 
prevented  if  the  wire  tie  had  been  present,  although  the  tempera- 
ture of  the  metal  and  the  deformation  of  the  coltunn  was  such 
that  failure  was  imminent. 

It  is  not  possible  to  state  the  extent  to  which  the  tie  functioned 
in  all  tests  of  concrete  protection,  but  it  was  imdoubtedly  of  value 
where  there  was  any  tendency  for  the  concrete  to  crack  and  fall 
off  before  failure.  In  the  case  of  Meramec  River  gravel  concrete 
and  sandstone  concrete,  spalling  of  portions  of  the  covering  out- 
side of  the  tie  occmred  early  in  the  test,  the  concrete  on  the  middle 
of  the  flanges  and  webs  being  apparently  held  by  the  ties. 
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(9)  Effect  of  Water  Application. — In  the  three  tests  where 
the  wire  was  placed  in  the  coverings  the  water  pitted  the  exposed 
faces  of  the  concrete  and  carried  away  portions  of  the  comers  and 
sides,  leaving  parts  of  the  flanges  and  flange  edges  exposed.  The 
damage  was  most  marked  in  the  regions  where  cracking  was 
noted  during  the  fire  period  (Figs.  83  and  84,  p.  242-243). 

In  the  case  of  the  one  covering  that  was  not  tied  the  water  loo^ 
ened  or  carried  away  most  of  the  protection  on  the  flanges,  leaving 
the  column  in  the  condition  of  partial  protection.  Most  of  the 
damage  was  incurred  after  2  minutes  of  water  application,  the 
total  period  being  5  minutes. 

(/)  HOLLOW  CLAT-ULB  PROTBCnONS 

(i)  Mechanical  Properties  of  the  Tile. — ^The  average  com- 
pressive str^igth  of  spectmois  of  the  hollow  clay  partition  tile 
used  in  the  coltmm  coverings  was  5350  pounds  per  square  inch 
as  tested  on  end  and  4370  pounds  per  square  inch  tested  on  edge, 
the  maximum  variation  above  these  values  being  134  per  cent 
and  below  78  per  cent,  of  the  lower  average  value.  For  the  same 
type  of  day  the  range  in  results  was  smaller.  The  strength  was 
generally  proportional  to  the  d^isity  of  the  tile  as  indicated  by 
percentage  of  porosity  and  of  absorption  (Table  31,  p.  358-359). 

In  transverse  tests  of  hollow  tile  the  average  computed  outer 
fiber  stress  at  failure  was  527  pounds  per  square  inch  and  the 
shear  233  pounds  per  square  inch,  the  failure  being  apparently 
due  to  combined  shear  and  tension.  The  range  in  resets  was 
larger  than  in  the  compression  tests  (Table  32).. 

There  appears  to  be  little  relation  between  the  mechanical 
strength  and  the  fire-resistive  properties  of  the  tile,  the  latter 
depending  mainly  on  the  type  of  clay.  This  is  significant  as 
specifications  based  on  the  mechanical  properties  often  disqualify 
tile  desirable  from  the  standpoint  of  resistance  to  fire. 

(2)  Test  Results. — ^In  tests  of  hollow-clay  tile  protections, 
using  tile  of  the  given  types  of  clay  applied  according  to  the  meth- 
ods previously  described,  the  time  to  failure  ranged  from  50  min- 
utes to  4  hours  42  minutes.  This  large  range  in  results  was  due 
to  a  mmiber  of  factors  that  influence  the  effectiveness  oif  this  type 
of  protection,  including,  besides  type  of  clay,  methods  of  manu- 
factiu-e  of  the  tile,  thickness  of  shdls  and  webs,  \he  presence  or 
absence  of  concrete  or  other  filling,  and  the  methods  used  for 
tying  the  tile  (Table  42^,  p.  iii). 
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(3)  Variations  Dxje  to  Type  op  Ci^ay  and  Dbtaiw  op  Man- 
UPACTURE. — ^The  extent  to  which  the  tile  cracked  and  spalled  on 
exposure  to  fire  varied  with  the  type  of  clay  of  which  it  was  made 
and  the  degree  of  hardness  to  which  it  was  burned.  All  of  the  tile 
used  in  the  coverings  was  straight,  nonporous  partition  tile, 
burned  without  sawdust  or  other  filling,  except  the  round  tile  in 
test  Nos.  62  and  63,  which  was  pcMX)us. 

The  semifire-clay  tile  generally  gave  the  most  favorable  results 
in  the  fire  tests,  and  of  the  two  represented  the  tile  of  medium 
hardness  and  having  heavier  webs  and  shells  developed  few 
cracks  and  little  spalling  before  failure.  In  the  coverings  of 
roimd,  porous  semifire-clay  tile  a  number  of  vertical  cradks 
formed  after  a  short  fire  exposure,  which  became  wider  as  failture 
was  approached.  Few  other  disruptive  eflfects  were  noted, 
almost  all  material  remaining  in  place  till  the  end  of  the  test. 
Only  miDor  differences  in  behavior  were  noted  between  tile  made 
of  the  two  kinds  of  surface  clay,  cracking  and  spalling  of  outer 
shells  and  buckling  out  of  the  t^e  being  characteristic  of  tests  of 
both.  In  the  case  of  shale  tile,  these  effects  were  even  more  pro- 
notmced,  severe  cracking  taking  place  during  the  first  few  minutes 
of  the  test,  followed  by  general  spalling  of  outer  shells. 

(4)  Comparison  op  2  and  4  inch  Protections. — In  Fig.  53 
is  given  a  comparison  of  time  to  failtu-e  in  tests  with  2  and  4  inch 
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hollow  clay-tUe  protections,  all  other  details  being  comparable 
except  as  noted.  The  tests  show  little  difference  between  the  two, 
the  thickness  of  the  air  space  and  minor  variations  in  thickness  of 
shells  having  apparently  little  influence  on  results.  The  differ- 
ence in  results  in  test  Nos.  50  and  50A  as  compared  with  51  and 
51 A  can  be  attributed  to  larger  differences  in  thickness  of  shells 
and  webs  and  also  to  the  greater  stability  of  the  4-inch  tile  set  on 
end  and  tied  with  outside  wire  ties,  as  against  th^  2-inch  tile  laid 
flat  in  6-inch  courses  without  ties  (p.  137-138). 

(5)  Effect  of  Size. — In  Fig.  54  is  shown  the  relation  between 
the  time  to  failure  in  all  tests  of  hollow  clay-tile  protections  made 
with  nonporous  partition  tile  and  the  total  area  of  solid  material 


Xiiae  to  fafltueisi  hoof* 
Flo.  54. — Effect  of  she,  clay-tile  and  brick  protections 

in  the  cross  section,  a  fairly  consistent  variation  of  the  one  with 
the  other  being  evident.  Nos.  58  and  59,  having  double  layer  of 
tile  with  tile  filling,  gave  less  favorable  results  in  this  comparison 
than  tests  of  protections  with  a  single  layer  of  tile  and  concrete 
fiU. 

(6)  Effect  of  Ties  and  Filling. — ^Fig.  55  gives  a  comparison 
of  results  attained  with  the  two  methods  used  for  tying  the  tile  and 
of  including  or  omitting  the  concrete  or  tile  filling.  As  shown  on 
the  diagram  and  confirmed  by  test  characteristics,  the  mesh  in  the 
horizontal  joints  is  a  little  more  effective  in  holding  the  tile  than 
the  outside  wire  ties ;  also  the  concrete  or  tile  filling  is  an  important 
element  in  the  protecting  property  of  a  hollow-tile  protection. 
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The  efficiency  of  wire  mesh  in  the  joints  as  against  outside  wire 
ties,  in  the  case  of  protections  of  snrface-clay  tile  with  hollow  tile 
filling,  is  shown  by  comparison  of  results  in  test  Nos.  58  and  59. 
It  should  be  considered  in  this  connection  that  minor  parts  of  the 
diflFerence  may  be  due  to  incidental  variations  in  workmanship 
and  test  conditions,  and  also  that  protections  of  tile  less  subject 
to  cracking  and  disruption  on  exposure  to  heat  would  show  rela- 
tively smaller  differences  in  results,  due  to  the  methods  used  for 
tying  the  tile. 

The  concrete  filling  not  only  serves  as  a  protecting  iDedmm, 
but  also  assists  in  holding  the  tile  in  place  by  adhesion*    In  test  ^^ 


Coociete  or  tile  filling. 
Wfic  mesh  in  borizoo* 
tal  joints 


Ooncfctc  or  tile  filHng. 
Outside  wire  ties 


No     filling.      Otitakte 
wire  tics 


Tfoie  to  fsihtre  in  houn 

Fio.  55. — Effect  of  ties  andfilHng,  hollow  clay-tile  protections 

No.  60  the  concrete  filling  was  placed  before  the  tile  was  set,  the 
tile  being  bond^  to  the  filling  with  a  thin  mortar  joint  and  tied 
with  outside  wire  ties.  A  large  nimiber  of  tile  units  fell  off  early 
in  the  test,  the  behavior  in  this  particular  being  distinctly  different 
from  that  of  protections  with  concrete  fill  placed  after  the  tile 
was  set,  where  up  to  points  near  failure  the  inner  shell  generally 
remained  in  place. 

As  indicated  by  the  average  temperatures  in  the  steel  at  f  ailm-e, 
the  concrete  filling  carried  portions  of  the  applied  load  varying 
with  the  area,  the  higher  temperatures  at  f  ailiure  being  generally 
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incident  with  the  tests  having  the  larger  fills.  In  the  latter  tests 
the  periods  between  maximum  expansion  and  failure  were  com- 
parable with  those  obtaining  for  concrete  protections,  whereas  in 
the  tests  where  the  concrete  fill  was  omitted  or  of  small  area  ibis 
time  interval  was  relatively  short  (Table  43,  p.  122). 

(7)  Effectiveness  of  Plastering. — ^The  tile  in  test  Nos.  76 
and  77  were  covered  with  standard  applications  of  g3rpsum  and 
of  lime  plaster,  respectively,  applied  3  days  after  the  concrete 
fill  was  placed,  the  columns  being  tested  42  and  45  days  after 
plastering* 

In  test  No.  76  the  gypsum  plaster  b^an  to  fall  off  early  in  the 
test,  exposing  a  few  tile  units  at  2  minutes  and  more  than  half  of 
the  tile  surface  at  20  minutes.  General  cracking  and  spalling 
was  probably  delayed  to  some  extent  by  the  insulation  given  the 
tile  by  the  plaster  diuing  the  first  few  minutes  of  the  fire  expostire. 

The  lime  plaster  in  test  No.  77  fell  off  during  the  first  half 
minute  of  the  test,  exposing  about  three-fourths  of  the  total  tile 
surface,  its  influence  on  the  test  result  being  apparently  very 
small. 

These  results  with  plaster  may  not  be  applicable  where  it  has 
seasoned  for  a  longer  time,  and  without  further  tests  they  should 
not  be  taken  to  hold  rigidly  for  well-cured  plaster  coatings  that 
from  conditions  of  normal  exposure  are  thoroughly  dry. 

(8)  Effect  of  Water  Appucation. — ^The  water  generally 
carried  away  the  tile  that  had  been  decidedly  damaged  during  the 
preceding  fire  exposure,  although  adjacent  courses  of  relatively 
soimd  tile  were  in  some  instances  carried  down  along  with  those 
impaired  by  the  fire  (Figs.  84  and  85).  A  large  proportion  of 
the  effects  took  place  dining  the  first  minute.  In  the  test  where 
the  tile  protection  was  filled  with  concrete  the  condition  of  the 
column  after  the  water  application  approached  that  of  partial 
concrete  protection.  In  the  case  of  the  unfilled  columns  the  steel 
in  the  region  stripped  of  tile  was  improtected,  except  for  the  por- 
tions of  the  mortar  joint  that  adhered  to  the  flanges. 

No  decided  difference  was  noted  between  the  outside  wire  tics 
and  the  wire  mesh  in  the  joints  in  effectiveness  in  holding  the  tile 
during  the  water  application,  although  the  comparisons  were  too 
few  to  afford  definite  conclusions. 
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(a)  BRICK  PROTBcnons 

(i)  pROPBRTiKs  OF  THE  BwcK. — ^The  common  brick  used  in 
the  brick  protections  wa^  a  wire-end  cut  brick  made  in  the  Chicago 
(111.)  district  of  calcareous  sturface  clay.  Compression  tests  gave 
average  values  of  3200,  i960,  and  2815  pounds  per  square  inch  as 
tested  on  end,  edge,  and  side,  respectively,  and  average  trans- 
verse iStrength  of  862  potmds  per  square  inch,  with  maximum 
variations  above  or  below  the  averages  of  between  50  and  100  per 
cent  (Tables  35  and  36).  The  brick  was  soft,  with  relatively  low 
fusion  point  and  high  percentages  of  porosity  and  absorption 
(Tables  33  and  34,  p.  361). 

(2)  Test  Results.— in  the  two  tests  of  columns  protected  by 
brick  approximately  the  same  relation  obtained  between  time  to 
failure  and  sectional  area  of  the  covered  columns  as  for  the  hollow 
clay-tile  protections  (Fig.  54,  Nos.  68  and  69). 

In  No.  68,  where  the  brick  was  set  on  edge  and  end,  the  lack  of 
stability  somewhat  shortened  the  test,  a  considerable  amotmt  of 
brick  falling  during  the  first  30  minutes. 

In  No.  69,  with  the  brick  laid  flat,  little  cracking  or  spalUng 
developed  before  failing.  Fusion  of  the  brick  began  between  the 
foxuth  and  fifth  test  hours,  and  after  test  the  brick  was  foimd 
fluxed  away  to  a  depth  of  about  yi  an  inch.  The  uniform  tempera- 
tiu-e  rise  in  the  metal  indicates  that  the  f u^on  of  the  Imck  did  not 
contribute  greatly  to  the  failure  of  the  column,  the  same  being 
evidently  caused  by  normal  transmission  of  heat  through  the 
covering  (Fig.  131,  p.  292). 

(A)  GTPSXTM-BLOCK  PROTBCTIONS 

(i)  Strength  and  Porosity  of  the  Gypsum  Bu)Ck. — Com- 
pression tests  of  the  solid  gypsum  block  used  for  coltmm  covering 
gave  an  average  strength  of  468  poimds  per  square  inch,  with 
maximum  range  in  values  of  22  per  cent  below  and  40  per  cent 
above  the  average.  The  transverse  strength  averaged  160  potmds 
per  sqtiare  inch,  the  extxeme  range  in  results  of  individual  tests 
being  a  little  higher  than  in  the  compression  tests  (Tables  38  and 
39).  The  porosity  was  quite  uniform  and  high,  averaging  624 
per  cent,  as  based  on  the  total  volume  (Table  37,  p^  363)  • 

(2)    COBiPARISON  of  2  AND  4  INCH   PROTECTIONS. — ^A  COmpari: 

son  ii;.poiiit8  ol  time  to  failure  of  2  and  4  inch  gypsum  protections 
is  given  in  Fig.  56,  where  the  line  connects  the  average  results 


Digitized  by 


Google 


I90  Technologic  Papers  of  the  Bureau  of  Standards 


Time  to  fftUaxc  iti  hoiin 
Flo.  56. — Comparison  of  2-inch  and  4'inch  gypsum  Woe*  protections 

attained  with  each  thickness.  The  2-inch  protections  withstood 
the  fire  test  2  hours  22  minutes  and  2  hotu^  36  minutes,  and  the 
4-inch  protections  4  hours  43  minutes,  5  hours  32  minutes,  and 
6  hoiu^  24  minutes,  respectively  (Table  42/,  p.  112.) 

The  protections  were  of  solid  2  and  4  inch  partition  blocks  set 
in  gypsum  and  sand  mortar,  |^  to  i  >^  inch  thick  between  blocks 
and  column  flanges,  and  with  metal  ties  in  the  horizontal  joints, 
the  space  between  the  blocks  and  the  column  webs  being  filled 
with  g5rpsiun  block  set  in  place  or  with  a  filling  poured  in  place 
consisting  of  calcined  gypsum,  sand,  and  broken  gypsum  block. 

The  variations  in  results  obtaining  for  each  thickness  of  cover* 
ing  come  within  limits  where  they  can  be  ascribed  to  incidental 
differences  in  material,  workmanship,  and  test  conditions,  con- 
sidering that  the  duration  of  the  test  was  dQ)eiident  iqx>n  the 
stability  of  individual  blocks. 

(3)  Characteristic  Fire  Effects. — ^The  gypsum  coverings 
failed  due  to  checking,  shrinking,  and  disintegration  of  the  blocks 
which  caused  them  to  loosen  and  fall  off.  Characteristic  heat 
effects  are  shown  in  Fig.  57.  The  process  responsible  for  these 
effects  consists  mainly  in  the  transformation  of  hydrated  gypsum 
of  the  formula,  Ca  SO4+2H3O,  to  anhydrous  rakinm  sutphate, 
by  evaporation  of  the  chemically  combined  water. 
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FaUure  of  the  column  occurred  within  20  to  40  minutes  after 
the  first  blocks  had  fallen.  The  interval  between  maximtmi 
expansions  and  failure  was  relatively  short,  due  to  the  rapid 
temperature  rise  in  the  steel  and  the  low  load-carr3ring  capacity 
of  the  covering  material  that  remained  in  place. 

(4)  Heat-Insulating  Properties. — ^The  maximtim  tempera- 
ture in  the  steel  up  to  the  point  where  the  blocks  began  to  f  gdl  oflf 
was  generally  below  150®  C  (302®  F),  which  was  much  lower  than 
those  obtaining  in  comparable  tests  with  the  other  covering 
materialsafterthesamedurationof  fire  exposure  (Figs.  127  to  130). 
The  high  heat-insulating  value  of  gypsum  is  due  in  part  to  the  heat 
consumed  by  the  change  in  crystalline  structure  noted  above. 

(5)  Effect  of  Water  Application. — In  the  case  of  the  2 -inch, 
protection  the  effect  of  the  first  2  minutes  of  the  water  application 
was  confined  to  washing  away  of  the  partly  calcined  gjrpstun  near 
the  outer  face  of  the  covering,  all  blodcs  remaining  in  place. 
Dtuing  the  third  minute  most  of  the  blocks  on  the  sides  on  which 
water  was  applied  were  carried  down  along  with  portions  of  the 
poiu^  filling  (Fig.  86,  p.  245). 

On  the  4-inch  protection  the  water  application  of  5-minutea 
duration  washed  away  the  gypsum  on  three  sides  to  a  depth  of  i 
inch  from  the  surface,  all  blocks  remaining  in  place. 

(0  RXmVORCBD-CONCRBTB  COLUMNS 

In  the  reinforced-concrete  columns  of  the  fire-test  series  the 
coarse  concrete  aggr^ates  used  were  Chicago  limestcme  and  New 
York  trap  rock,  and  the  application  of  the  results  should  be  limited 
to  columns  made  with  these  concrete  aggregates.  Comparisons 
given  in  paragraph  (e)  above  on  the  behavior  of  ocmcrete  made 
with  these  and  other  aggregates  and  applied  in  coverings  for 
steel  columns  indicate  that  less  favorable  results  would  be  obtained 
with  some  erf  them  when  applied  in  reinforced-concrete  columns 
than  was  obtained  with  the  coltmms  tested.  Also  in  the  fire  and 
water  tests,  the  sections  of  the  columns  made  of  siliceous  gravel 
concrete  developed  much  greater  disruptive  effects  during  the 
relatively  short  fire  exposure  preceding  the  water  application 
than  the  sections  made  of  limestone  or  trap-rock  concrete.  The 
behavior  of  limestone  and  trap-rock  concrete  in  tests  of  reinforced- 
concrete  columns  was  similar  to  that  of  the  corresponding  concrete 
of  the  column  coverings,  little  cracking  or  spalling  of  consequence 
occurring  before  failure. 
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(i)  Influence  of  Concrete  Aggregate. — ^The  lixnestone- 
concrete  coluinns  all  withstood  the  8-hoxir  fire  test  and  while  hot 
sustained  loads  exceeding  twice  the  load  a|>pHed  in  the  8-hotir 
period.  The  two  vertically  reinforced  trap-rock  coi^crete  columns 
failed  after  7  hours  23  minutes  and  7  hours  57  minutes, respectively^ 
and  the.  hooped  column  withstood  the  8-hour  fire  test  and  failed 
under  a  load  about  25  percent  greater  than  thie  load  sustained  dur- 
ing the  fire  test  (p.  1 13).  A  2<-inch  thickness  of  concrete  next  to 
the  surface  was  assumed  as  covering  in  all  cases  and  not  included 
in  the  area  used  in  computing  working  loads.  The  difference  in 
results  within  the  group  can  be  attributed  to  concrete  aggr^ate» 
the  other  incidental  factors  being  compar£d>le  or  favoring  the 
tests  giving  the  lower  results.  The  trap-rock  concrete  fused  and 
fluxed  at  some  points  to  a  depth  of  about  i  inch,  which  tmdoubtedly 
affected  the  time  to  failure  to  some  extent  The  results  obtained 
with  the  concrete  of  both  aggregates  show  a  h^h  degree  of  fire 
resistance. 

(2)  Effect  of  Form  of  Column  and  Rjsinforcement. — No 
effects  due  to  shape  of  coltmm  or  form  of  reinforcement  were 
evidaat,  differences  in  results  being  within  the  limits  of  incidental 
variations  in  test  coltunns  and  test  conditions. 

No  line  of  cleavage  outside  of  the  wire  reinforcement  was 
fotmd  after  test  in  the  hooped  coltunn  of  limestone  concrete, 
except  in  the  immediate  region  of  failiu-e,  where  it  was  apparently 
induced  by  the  strains  that  developed  when  the  column  failed. 
In  the  case  of  the  corresponding  trap-rock  concrete  column, 
more  evidence  indicating  separation  of  the  outer  p-otection  from 
the  core  at  the  line  of  the  reinforcement  was  found,  effects 
which  may  in  part  have  been  caused  by  the  fire  exposure^ 

(3)  Recovery  of  Strength  after  Fire  Test. — One  length  of 
each  of  the  hooped  reinf orced-concrete  columns  abotit  3  feet  \oq% 
was  cut  otEtside  of  the  failure  region  in  the  fire  test  and  subse- 
quently tested  in  comin^ession.  The  limestone-concrete  speci- 
men sustained  a  total  load  of  517  000  pounds  as  against  243  000 
potmds  immediately  following  the  fire  test,  and  the  trap-rock 
concrete  specimen  342  000  poimds,  companed  with  163  000  pounds 
at  the  end  of  the  fire  test.  While  a  portion  of  the  difference  may  be 
due  to  initial  variations  in  the  strength  of  the  concrete,  the  greater 
part  can  be  ascribed  to  recovery  in  strei^fa  of  concrete  and 
reinforcement. 
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(4)  EF9BCT  OF  Watbr  Appucahon.— The  concrete  of  the 
eohimns  subjected  to  fire  and  water  tests  was  placed  in  three 
sections  to  permit  using  two  or  three  kinds  in  each  column. 

In  the  case  of  the  square,  vertically  reinforced  coltmm,  No.  iii, 
the  water  carried  away  the  concrete  at  the  comers  outside  of  the 
bars  and  pitted  the  concrete  on  the  most  exposed  face  to  depths 
of  from  >^  to  I  inch  for  the  limestone  concrete  and  to  a  depth  of  2 
inches  for  the  Meramec  River  gravel  concrete  in  the  middle 
section  (Fig.  88,  p.  247). 

In  the  round,  vertically  reinforced  column,  the  limestone  con* 
Crete  was  pitted  to  a  depth  of  i  inch,  and  some  of  the  concrete  in 
the  upper  portion  of  the  Joilet  gravel  concrete  section  was  carried 
away.  In  the  middle  section,  consisting  of  Meramec  River  gravel 
concrete,  the  outer  concrete  was  stripped  off  by  the  water,  exposing 
the  reinforcing  bars  on  two  sides.  In  this,  as  in  the  preceding  test, 
large  cracks  had  formed  in  the  concrete  of  the  middle  section 
during  the  fire  period. 

In  the  fire  and  water  test  of  the  hooped  reinlorced-concrete 
column,  the  water  stripped  the  Meramec  River  gravel  concrete  and 
the  granite  concrete  from  the  wire  reinforcement  on  three  sides 
during  the  first  15  seconds  of  the  water  pmod  (Fig.  89).  SpalUng 
of  concrete  had  exposed  portions  of  the  reinforcement  in  the  middle 
section  during  the  fire  period.  Further  application  of  water  caused 
strij^Mng  of  reinforcement  in  the  upper  section  of  trap-rock  con- 
crete and  increased  the  effects  in  the  lower  secticxts. 

The  condition  of  none  of  the  reinforced  concrete  columns  was 
such  as  to  cause  apprehension  of  early  failtu-e  on  being  again 
exposed  to  fire  after  the  water  test,  shioe  the  i»xyportion  of  the 
load  normally  carried  by  the  steel  reinforcement  was  not  large. 
Load  tests  to  failure  made  after  the  water  test  gave  factors  of 
safety  of  over  four  as  based  on  the  calculate  workiug  load. 

(J)  HMBBR  COLtTMNS 

Six  tests  of  timber  coltunns  were  made,  fotu:  being  tested 
unprotected.  One  was  protected  by  a  single  layer  of  Portland- 
cement  plaster  on  metal  lath  and  one  by  a  single  layer  of  gypsum 
wall  board.  Two  species  of  wood,  longleaf  pine  and  Douglas 
fir,  and  two  types  of  post  cap  details  were  employed  (Fig.  10). 

(i)  Unprotected  Timber  Coi^umns. — ^The  time  to  failure  of 
the  improtected  timber  columns  varied  from  35  to  50  minutes, 
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£aihtre  occurring  in  all  cases  at  the  bearii^  on  the  steel  or  cast-iron 
cap  introduced  near  the  top  of  the  column  (Figs.  80  to  82).  The 
deformation  at  the  bearing  increased  rkpidly  alter  the  first  20 
minutes,  and  at  the  failiire  the  conseqtsent  depression  equaled  3 
inches  or  more  (Fig.  47,  p.  126). 

The  avers^e  time  to  failure  in  the  tests  with  longleaf  pine  was 
nearly  the  same  as  that  obtained  with  Douglas  fir,  although  the 
tests  were  hardly  comparable  on  accotmt  of  the  higher  moistxnre 
content  of  the  Douglas  fir  in  the  condition  tested  (Table  2,  p.  30). 

The  columns  with  the  cast-^iron  cap  and  pintle  stood  up  7 
minutes  and  15  minutes  longer  than  the  columns  with  the  steel- 
plate  cap,  the  deformations  sustained  by  the*  wood  at  the  cap 
before  failure  ensued  being  larger  in  the  (^ise  of  the  cast-iron 
bearing. 

(2)  Protectbd  Timber  Columns. — ^The  outer  coat  of  the 
plaster  on  parts  of  the  lower  half  of  the  metal  lath  and  plaster 
protection  (test  No.  78)  spalled  during  the  first  half  hcMir  of  the 
fire  test,  followed  lata:  by  local  buckling  out  of  lath  and  $upix>rting 
diannels.  Flames  from  the  ccduinn  issued  through  this  opening 
before  the  end  of  the  first  hour,  and  about  15  minutes  later  flames 
issued  from  cradcs  in  the  plaster  around  the  coltmm  cap.  Crush- 
ing of  the  wood  at  t^e  bearing  due  to  beating  of  the  cap  caused  a 
rapid  rate  of  depression,  beginning  at  i  hour  40  minutes  (Fig.  47), 
failm-e  accompanied  by  fracture  of  the  cap  occurring  at  2  boors  15 
minutes  (Fig.  79,  p.  238). 

The  wall  board  consisted  of  gypsum^^aster  fiBing  between 
paper  facings.  At  20  minutes  flames  issued  from  horizontal 
cracks  in  the  plaster  boaid.  The  board  began  to  fall  off  the  body 
of  the  coltunn  at  about  40  minates,  and  at  54  minutes  nearly 
one^half  of  the  covering  had  fatten.  At  32  mihutes  part  of  the 
covering  fell  off  the  flanges  of  tl^^  steel-fdate  cap,  the*  failure  at  i 
hour  13  minutes  being  due  to  flipping  at  the  cap  bearing  same  as 
for  the  improtected  timber  columns  (Fig.  81,  test  No.  80). 

The  protections  increased  the  ultimate  resistance  of  the  columns 
by  100  to  200  per  cent  as  compared  with  that  in  the  unprotected 
condition.  Protections  on  timber  colimms  shpuld  be  applied  with 
due  consideration  for  possible  deterioration  of  the  wood  that  may 
under  certain  conditions  be  induced  b}'^  the  presence  oi  the  cover- 
ings, particularly  when  the  wood  is  not  fully  seasoned  or  where  it 
is  exposed  to  dampness. 
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(3)  Strength  After  Fire  Test. — ^The  faUure  being  localized 
at  the  bearing  did  not  develop  the  full  resistance  of  the  column. 
The  wood  was  btunt  and  charred  to  depths  of  >^  to  i^  iiw*hes, 
involving  reductions  in  effective  area  of  29  to  55  per  cent.  One 
specimen  3  feet  long  was  cut  from  each  of  the  tested  columns  and 
tested  in  the  compression  about  10  weeks  after  the  fire  test.  The 
results  of  the  tests  are  given  in  Table  45,  where  also  are  given 
results  of  tests  on  comparable  specimens  of  unbumt  timber. 
The  restdts  indicate  a  reduction  in  the  total  load  approximately  in 
proportion  to  the  reduction  in  area,  the  average  of  th^  maximum 
unit  loads  sustained  by  the  btunt  and  unbtunt  timber  of  each 
species  being  nearly  equal. 

The  strength  remaining  in  the  timber  at  the  end  of  the  fire  test 
was  considerably  lower  than  the  values  given  in  Table  45,  due  to 
its  heated  condition. 

TABliB  45. — COMPBB6SIVI1   6TBBKGTH  OT  TUSBSA  AJFTETL 

FXBE  CTiST 

Bpewnvcm  3  ft.  long 


Sped- 
men 
No. 

Spades 

Section  Before  Test 

Section  After  Test 

Redn6- 
Percent 

nids- 

ture 
Content, 
Percent 

Outside 
Dimen- 
ilons^In. 

Ana, 
Sq.In. 

Outside 

Dimensions, 

In. 

Effective 
Area, 
8q.In. 

Total, 
Lb.' 

Lb.  per 
Sq.fn. 

78-1 
79-1 
80-1 
81-1 

Longleafplne. 
Longleafpine. 
Longleafplne. 
Longleafplne. 

Longleafpine. 

Douglas  fir.... 
Douglas  fir.... 

Dooi^flr.... 

Longleafpine. 

Douglas  fir 

Douglas  fir.... 

Douglas  fir.... 

11.3  by  11.5 
11.2byUJS 
11.2byll.3 

11.4  by  11.4 

129 
126 
126 
129 

7.9  by  8.4 
8.8  by  9.1 
9.0  by  9.0 
9.0  by  9a 

58 
76 
76 
71 

65 
40 

15.5 
liQL2 

370,000 
381,000 
399,000 
475,000 

6380 
5010 
6320 
6170 

Average... 

15.6 

22.7 
1&8 

5720 

82-1 
85-1 

11.4byll.4 
11.4  by  11.4 

}g 

10.6  by  10.7 

87 
91 

33 
29 

324,000 
400,000 

3726 
4395 

Average... 

aa7 

ma 

1&9 
1&9 

4060 

P-1 

P-1 
F-2 

11.2  by  11.4 

11.4  by  11.4 
11.4  by  11.4 

127 

129 
129 

Spedmen  of 

Spedmen  of 
Spedmen  of 

unbumt 

unbumt 
onbiiroA 

timber. 

timber, 
timber. 

750,000 

502,000 
500,000 

.5706 

3800 
3876 

Average... 

18.9 

3880 

•Deteriained  fkom  taiDpIas  talon  near  poftDt  ctfiMliire^  dried  t6  OQOftan 
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Xni.  FIRE-RESISTANCE  PERIODS  DERIVED  FROM  THE 

TEST  RESTTLTS 

The  results  of  the  tests  in  point  of  time  to  failure  will  be  stun- 
marized  in  terms  of  hours  and  minutes  of  fire  resistance  afforded 
by  the  different  types  of  columns  and  protections  tested. 

1.  BASIS  OF  0BRIVATION 
(a)  ICXTHOD  OF  COMPUTATION 

A  given  resistance  period  is  taken  to  hold,  if  the  time  to  failure 
in  the  fire  test  or  the  average  of  the  time  to  failure  in  a  group  of 
similar  tests  is  equal  to  iK  times  the  given  resistance  period. 
The  deduction  of  one-third  of  the  test  duration  is  made  to  allow 
for  incidental  variations  in  material  and  workmanship  of  columns 
and  coverings  and  differences  in  load  and  fire  conditions  that  cause 
variations  in  results  with  nominally  comparable  columns.  Indi- 
vidual test  results  within  a  given  group  may  be  below  this  limit, 
but  not  below  the  designated  resistance  period. 


(6)1 

Resistance  periods  are  taken  5  mjmutes  apart  up  to  one-half 
hotu",  at  15-xninute  intervals  from  one-half  hotu-  to  i  horn-,  at 
one-half  hour  intervals  from  i  to  4  hoturs,  and  at  i-hom-  intervals 
from  4  to  8  hotu^.  A  variation  of  one-fourth  of  an  interval  is 
allowed,  a  given  even  value  of  the  resistance  period  being  taken 
if  the  period,  computed  according  to  the  method  given  above,  is 
not  more  than  one-fourth  of  the  interval  below  the  given  period 
value. 

(c)  TABU  OF  fIRB-SX8I8TAlfCB  PSSIQDS 

A  tabulation  of  the  fire-resistance  periods  obtained  from  the 
results  of  the  present  series  of  tests  is  given  in  Table  46. 

(^  DXRXVATION  OV  BCBTHOD 

The  method  of  computation  is  obtained  from  comparison  of 
duplicate  or  nearly  duplicate  column  tests  considered  in  con- 
nection with  conditions  affecting  comparable  column  construc- 
tions in  buildings.  In  the  fire  tests,  the  maximum  range  in  time 
to  failtu-e  of  unprotected  structural  steel  columns  was  49  per  cent, 
comparable  tests  of  partly  protected  steel  coltmms  gave  a  range  in 
values  of  24  per  cent,  plaster  on  metal  lath  protections,  15  per  cent. 
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TABXJI  4e.— VX8B  BSffiUITAHOaB  FBBXOD8  I>BBXVaX>  VBOX  TEB  TX8T 


PROTECTION 


Kat«rlal 


DeUili 


Area  of 
Bond 

Sq.In. 


NomlBAl 
Thiekness 

of 
ProCwtloiiy 

In. 


Flra 
BiiiteDi 
Pflrtod 


Struetcffal  sted 


Structoittlttael, 

loUdMCtlOIl 


Btructuralffri, 
•oUdMctloii 


StnietaralftMl. 
open  latticed 
•ection 


Btmctunlfteel. 
open  latticed 
feetion 


Structural  fteel 


Stroetural  steel 


Structural  ateel 


Stnxtnral  steel 
Structural  steel 

Structural  steel 
Structural  steel 
Structural  steel 

Structural  steel 
Structural  steel 
Structural  steel 

Stroetural  steel 
Structural  steel 


Unprotected 

Partly  protected  by  fill- 
ing, reentrant  spaces 
with  concrete.  Con- 
crete axgregates; 
limestone,  calcareous 
gravely    trap    rock, 

Enite,8and8tone,or 
deoaldnder 

Partlyproteeted  by  fill- 
ing, reentrant  spaces 
with  oonerete.  Ag- 
gregates; limestone, 
calcareous  gravel,  or 
trap  rock 

Partlyproteoted  by  fill- 
ing interior  and  re- 
entrant spaces  with 
concrete;  trap  rock 
aggregate 

Partlyprotected  by  fin> 
ing  interior  and  re- 
entrant spaces  with 
ooncrete;limestone  or 
calcareous  gravel  ag- 
gregate 

Portland  cement  plaster 
on  metal  lath 


mtrfmtim  m*4#^  thHk>- 
ness,^in. 

Mixture,  1:6  or  1:8. 
Concrete  tied  with 
vertical  and  horlaoo- 
tal  steel  ties 


do. 


Mizturew  li^^  Fining 
extends  to  outside 
rivets  and  covers  lat- 


hers 
do... 


do. 


Concrete;  siliceous 
gravel  aggregate 


do 

Concrete;  granite,  sand- 
stone, or  hard  coal 
cinder  aggregate 

do 

do 

Concrete;  trap  rock  ag- 
gregate 

do 

do 

Concrete;  limestone  or 
calcareous  gravel  ag- 
gregate 

do 

do 


Proportion  of  plaster. 
1:^:2H,  PortlMid 
cement,  hydrated 
lime,  and  sand 

do 

Mixture,  1:6.  Concrete 
tied  with  steel  ties  or 
wire  mesh,  equiva- 
lent to  not  less  than 
No.  5  (B.  A  8.  gage) 
wire  on  8-in.  pitch 

do 

Mixture,  1:6.  Concrete 
tied  as  above 

do 

do 

Mixture,  1:6.  Concrete 
tied  as  above 

do 

do 

Mixture,  1.-6.  Concrete 
tied  as  above 

do 

do 


8 
35 


60 


lao 


lao 


40 


80 

100 


aoo 
100 

140 
900 

100 

140 
200 
100 

140 
200 


1  layer 
lin. 


21ay«seach 
Jiln. 


lOadn, 
Hhr. 


Xbr. 

Shr. 
^hr. 

Xhr. 

mhr. 
Ihr. 


^hr. 
2Hhr. 

«Hhr. 
Shr. 
Shr. 

4hr. 
Shr. 
4hr. 

Shr. 
Shr. 
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TABIJi  46.— SIBS  BB8I8TAHCB  PBBIODS  DBBIVBD  VSLOM,  THB  IMff 

BB  SUl^ft— Oontinaed 


PROTECTION 

^Iflllfn^^m 

Nominal 
Thickness 

of 
Protection, 

In. 

Coiaui 

Area  Of 

SoUd 

Material, 

Sq.In. 

Fire 

Ifaterlal 

DetaUs 

Resistance 
Period 

StracfttinU  steel, 
soUd  section 

HoUow  tar.  semi^re 
day.  medium  bard. 
NoibUng 

Mortar  joint  between 
tile  and  column 
flanges.  Outside  wire 
ties 

80 

2,8,  or4 

Ihr. 

8tniotiiiml  steel. 

HoDow  tile;  sorfaceday 
or    shale.   Concrete 
fining  on  web  sides 

^   

100 

2,8,  or4 

Ihr. 

loUdseotloo 

Stractural  steel, 

HoUow  tile,  extra 
beavy;  surface  clay. 
Concrete   fllUng   on 
web  sides 

do   

100 

8or4 

IHhr 

Stmcttiral  steel 

Hollow  tile;  semi-fire 
clay  or  surface  clay. 
Concrete  filling   all 
around 

Outside  wire  ties 

160 

2,3,or4. 

2hr. 

Stractoral  steel 

do    

Metal  ties  in  horizontal 
Joints 

100 

8or4 

^far. 

Structural 
steel,  solid 
section 

HoUow    tile:    sorCaee 
gK.-,   Holknr    tn. 

Mortar  Jdnt  between 
tile   and  column 
flanges    and    webs. 
Metol  ties  in  hori- 
eontaljdnts 

340 

21ayers 
each 
2  in. 

Shr. 

Structural 

do    

Mortar  Joint  between 
tile   and   column 
flanges    and    webs. 
Outside  wire  ties 

940 

2  layers 
each 
2  in. 

Ihr. 

steel,  soUd 
section 

Structural  steel 

Common  brick;  surface 
clay 

Brick  set  on  edge  and 
end 

140 

2H 

Ihr. 

Structural  stee  1 

do    

Brick  laid  on  side 

Metal  ties  in  horizontal 
Joints.    Mortar  Jdnt 
between  blocks  and 
odumnflfmges 

340 

lao 

8K 
2 

Shr. 

Structural  steel 

Solid   gypsum   block. 
Ojrpsum    block    or 
poured  gypsum  fining 

IHhr. 

Structural  steel 

do    

do    

180 

240 

12 

8 

4 

2Hhr. 

Structural  steel 

do    

do    

BHhr. 

Round  cast  iron 

Unprotected;  tmfiUed 

utnimnm  thlckness  of 
metal,  .60  in. 

20mfai. 

Round  cast  iron 

Unprotected:    interior 
filled  with  concrete 

do    

85 

Hhr. 

Round  cast  iron 

on  high  ribbed  meUl 
latki 

Proportion  of  plaster. 
l:TV.*2Ht       Portland 
cement,   hydrated 
lime  and  sand 

60 

1  layer, 
airspace 

2hr. 

Round  oast  iron 

Concrete;    trap    rock, 
granite,  or  hard  coal 
cinder  aggregate 

Mixture,  1:7.   Concrete 
tied  with  steel  ties 
equiyalent  to  not  less 
than  No.  6  (B.  A  8. 
gage)  wire  on  8-ln. 

70 

2 

2hr. 

Bound  cast  iron 

HoUow    tUe;    porous 
semi-fire  day 

Outsldewireties.  Mor- 
tar joint  between  tUe 
anci  column 

70 

2 

2hr. 

Digitized  by 


Google 


Fire  Tests  of  Building  Columns 


199 


TABUB  46.--71BB  BB8I8TAKGB  PEBIODS  DBBIVBD  FBOM  TBB  TB6X 

BE  STTIiTS— Concluded 


Type  of 
Column 

PROTECTION 

Material, 
8t).In. 

Nominal 
Thickness 

of 
Pro^tion, 

Fire 

Material 

Details 

Resistance 
Period 

Steel  pipe 
Belnftitoed 

Unprotected.      Filled 
Wkheonerete 

Unofotectod.      FlUed 

ii^foreed  in  the  fiU 
with    structural 
•topea 

Limestone  or  calcareous 
^ravn  concrete 

Trap  rock  concrete 
Unprotected 

Oypsum  wall  board 

Concrete         mixture, 
iaH:a 

Concrete       mixtmv, 
1:1H:3 

Mixture  116..  Cancrete 

tical  bars  and  lateral 
tiesorhoopug 

do 

35 
45   . 

220 

220 

140 
MO 

25niiTiT 

H^* 

steel  pipe 

Reinforced 
concrete  • 

2 
2 

8hr. 
5hr. 

oQDorete 
Timber,     long- 

Unprotected  cast  lixm 
or  steel  cap 

Cast  iron  or  steel  cap 

Cast  iron:  or  sted  cap* 
Proportion  of  plaster. 

Umfli,  and  sand 

Siffmin. 

leaf    pine    or 
Douglas  fir 

Timber,     long- 
leaf  pine    or 
Dou^aiflr 

^i  pinei^ 
Doug&sflr 

wlthHin. 
airspace 

and  2 -inch  concrete  protections  25  per  cent,  all  percentages  beipg 
based  on  the  highest  value  within  the  group.  The  time  to  failure 
in  three  tests  of  unprotected  cast-iron  columns  diflfered  by  less  than 
I  per  cent.  In  hollow  clay-tile  protections,  excluding  Nos.  50  and 
50A  oa  account  of  not  being  tied,  the  maximum  range  in  test 
duration  within  a  group  of  comparable  tests  was  30  per  cent,  and 
in  gypsum-block  protections  26  per  cent.  Unprotected  timber 
coltmms  with  exposed  steel  or  cast-iron  caps  gave  a  range  in  time 
io  failure  ctf  30  per  cent,  part  of  which  was  due  to  difference  in 
bearing  detculs. 

In  the  case  of  unprotected  structural  steel  cohmms,  the  range 
in  shape  of  section  tested  was  large  and  a  d^uction  of  one-third 
from  the  average  time  to  failure  gives  a  period  below  which  test 
results,  obtained  under  comparable  load  and  fire  conditions,  are 
not  likely  to  fall,  with  the  limitations  in  thickness  of  metal  and  area 
of  section  given  in  Table  46.  All  of  the  other  variations  noted 
above  come  within  30  per  cent  of  the  highest  value  in  the  respec- 
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tive  groups,  although  it  is  appreciated  that  the  test  duplications 
were  not  sufficient  in  number  to  develop  the  full  possibility  of 
difference  in  results;  also,  that  columns  and  protections  in  build- 
ings are  subject  to  greater  variability  than  the  test  columns.  The 
basis  of  derivation  adopted  assumes  possibility  of  variation  of 
about  33  per  cent  above  and  below  an  average  value,  or  a  total  of 
about  66  per  cent  of  the  average.  Irrespective  of  whether  or  not 
this  range  in  results  would  fully  develop  in  a  sufficiently  large 
number  of  comparable  cases  in  buildings,  the  use  of  the  one- 
third  reduction  to  obtain  minimum  ultimate  fire-resistance  periods 
is  considered  justified  because  of  the  few  number  of  tests  on  which 
most  of  the  resistance  periods  are  based,  several  of  them  being 
derived  from  single  tests,  the  results  of  which  it  is  necessary  to 
asstune  fall  within  the  higher  rather  than  the  average  or  lower 
range  of  possible  variation. 

(«)  RBSISTANCB  TO  WATER  APPUCATION 

With  reference  to  fire  and  water  exposure  the  results  are  re- 
garded as  satisfactory  if  the  applied  load  was  safely  sustained 
during  the  fire  and  water  periods,  and  in  the  case  of  the  protected 
colimms,  if  the  covering  remained  in  place,  after  a  2-minute  period 
of  water  application,  to  such  extent  as  to  prevent  early  failing  of 
the  column  on  being  again  exposed  to  fire,  precluding  in  all  cases 
complete  removal  of  the  covering  from  any  section  of  the  column. 

(/)  8IZB  UMTTATIONS 

The  derived  fire-resistance  periods  apply  most  nearly  to  columns 
of  approximately  the  same  size  as  those  tested  and  should  be 
applied  with  considerable  caution  in  connection  with  smaller 
columns.  Minimum  areas  with  relation  to  the  derived  periods  are 
given  in  Table  46.  The  studies  made  on  effect  of  size  indicate 
that  the  test  results  can  be  applied  with  safety  to  columns  of  larger 
size  than  those  tested. 

(g)  APPUCATION  TO  BUnJ>mo  CONDITIONS 

It  is  believed  that  the  t3rpes  of  columns  and  protections  tested 
can  be  applied  with  confidence  in  building  construction  as  being 
able  to  resist  fires  of  dtu-ation  equal  to  the  pertaining  resistance 
periods  herewith  derived  for  the  respective  t3rpes,  provided  that 
reasonable  care  is  taken  to  identify  the  material  used  and  to  sectue 
a  fair  grade  of  workmanship. 
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In  constructing  the  coverings  and  cohunns,  a  consistent  eSxxt 
was  made  to  introduce  methods  and  conditions  similar  to  those 
incident  with  buikiing  construction,  and  it  is  thought  that  the 
columns  as  tested  are  fairly  representative  of  the  average  attained 
in  good  building  practice. 

The  cohunns  tested  covered  a  wide  rvage  in  material  and  shape 
oi  section,  and  each  class  of  covering  material  was  represented  by 
its  main  varieties  in  common  use.  Inapplyingthe  r^ults  broadly 
some  difficulty  may  be  experienced  due  to  difference  in  materkds 
of  the  same  kind  orname  as  occurring  in  different  localities,  relative 
to  which  some  explanatory  notes  and  cautions  are  given  in  derhr- 
iog  fire^resistance  periods  with  the  respective  materials.  It  is 
believed  that  if  the  materials  are  properly  identified  and  classed 
with  the  corresponding  materials  employed  in  the  column  tests, 
the  resulting  difference  in  fire*resisting  properties  will  not  be  large, 
im>vided  the  mineral  constituents  and  impurities  are  within  the 
limits  hereafter  given. 

In  the  column  tests  the  temperature  indicated  by  the  pyrome- 
ters, while  corre^Mmding  on  the  average  quite  closely  with  those 
on  the  reference  curve  (ccmipare  reference  curve  and  average 
ctu-ve,  Fig.  39) ,  was  lower  than  that  of  the  furnace  gases  surround- 
ing them,  due  mainly  to  radiant  heat  interdiange  between  the 
pyrometer  and  the  colder  furnace  incisure.  The  difference  was 
determined  to  be  as  large  as  150^  C  for  points  near  the  b^inning 
of  the  test,  with  gradual  decrease  to  less  than  50^  C  at  the  end  of 
an  8-hour  run  (Sec.  DC,  par.  2d,  Fig,  41).  The  high  intensity  of 
the  furnace  exposure  to  which  the  columns  were  subjected  can  be 
taken  as  compensating  to  some  extent  for  differences  in  material 
incident  with  broad  application  of  the  test  results,  and  give  assur- 
ance that  such  application  is  justified  where  the  variance  from  the 
materials  tested  is  not  too  large. 

The  loads  applied  to  the  columns  during  test  come  within  the 
higher  range  of  normal  working  loads,  and  it  is  believed  that  the 
loads  imposed  on  columns  tmder  fire  conditions  in  buildings  will 
seldom  be  much  larger,  either  as  caused  by  floor  loads  or  by  tm- 
equal  expansion  of  adjacent  columns  during  the  fire. 

The  column  coverings  had  a  full  and  firm  bearing  at  the  base 
of  the  column  and  were  full  and  continuous  at  the  top,  and  there- 
fore took  porticms  of  the  applied  load  proportionate  to  their 


Digitized  by 


Google 


202  Technologic  Papers  of  the  Bureau  of  Standards 

relative  area  and  rigidity  with  respect  to  the  structural  sectbn. 
Coverings  as  applied  in  buildings  will  sometimes  have  less  firm 
bearing  at  the  base  and  be  less  cootimious  at  the  top,  due  to  ob- 
structions to  proper  placement  offered  by  the-floor  members. 
This  difference  in  ability  to  carry  load  wiU. affect  chiefly  the  con- 
crete protections  and  filUi^,  siioee  the  oilier  types  have  little  load- 
carrying  capacity  near  feihare.  With  concrete  protections  it  will 
affect  only  the  period  between  maadnMam  expansion  and  failure, 
the  metal  secticm  assuming  almost  ail  of  the  load  during  tiie  pre- 
ceding period,  due  to  its  higher  rate  of  «xpansk>n.  Concrete  will 
develop  bond  within  a  relatively  short  disitaaice  with  a  number  of 
forms  of  metal  section,  making  the  covering  in  effect  a  part  of  the 
ooliunn  in  the  ^ddle  portton  of  its  length,  even  if  it  is  not  fully 
continuous  at  the  ends.  It  is  tiierefore  apparent  that  the  differ- 
ence between  the  test  condition  and  the  condition  of  pos^ble  oc- 
currence in  buildings  is  not  lai^  as  far  as  it  c(mcems  the  fire 
resistance  of  the  colimm,  and  considering  the  relfetivefy  sm^er 
variations  due  to  otha-  causes  generally  incident  with  concrete 
I»x)tections,  it  ckn  be  taken  as  -sufficiently  allowed  for  in  the  de- 
duction of  the  trme  to  faihu^  adopted  for  deriving  fire-iieastancc^ 
periods. 

The  fire  resistance  afforded  by  ccdimms  is  *based  on  the  time  to 
failure  rather  than  the  useful  limit  because  the  former  is  definitely 
determined  by  the  test  procediuie*  It  is  denned,  however,  that 
with  the  interpretation  of  test  results  giv^Mi  above  the  protection 
given  by  the  coltmins  and  coverings  will  generally  be  sufficient  to 
prevent  permanent  damage  of  such  extent  aS' to  require  repair  or 
replacement  after  fire  exposures  corresponding  in  duration  to  the 
resistance  periods  here  established.  Only  where  very  severe  local 
fire  exposure  is  coincident  with  other  unfavorable  conditions,  such 
as  inferior  material  and  workmanship,  wfll  the  resistance  of  the 
column  beyond  its  useful  iimit  be  likely  to  be  developed. 

2.  BERIVATION  OF  Fm£-R£SISTANC£  PERIODS 

In  deriving  the  resistance  periods  the  method  described  in 
paragraph  la  of  this  section  is  followed,  giving  consideration  also 
to  effects  of  water  application  as  explained  in  pai^graph  le. 
Interpolations  for  covering  thicknesses  intermediate  between  those 
tested  are  made  where  justified  by  the  test  results.  Limited 
extension  of  results  to  materials  not  included  in  the  particular 
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eombinatidn  considered,  but  giving^  similar  test  characteristics  in 
other  related  tests  of  tins  series,  is  made  in  the  ca^  of  concrete 
and  hollow  clay-tile  protections  (Table  46,  p.  1 97-1 99) . 

For  cohnmas  with  scjuare  or  rectangular  protections,  all  pat^ 
tions  of  the  main  members  are  assumed  covered  by  not  less  tiian 
the  nominal  thickness  of  material  specified.  With  round  cover-* 
ings,  on  columns  of  square  or  rectangular  outiine,  the  distaiice 
from  the  surface  to  the  edge  of  the  main  ccdumn  members  may  be 
reduced  somewhat,  provided  the  resulting  cross^-sectional  area  is 
not  less  than  that  of  a  sqtiare  or  rectangular  protectiott  of  the  same 
nominal  thickness.  ■'       - 

Details  having  relartivety  large  areas,  such  as  lattice  bars  and 
splice  plates,  need  to  be  covered  by  the  nominal  thickness  sped- 
ied.  Fot  smaller  areas  as  of  rivets  and  extreme  edges  of  bracket 
or  supporting' angles,  the  covering  thickness  may  be  reduced  to  1 
inch. 

Whore  partitions  or  pipe  inclosures  are  supported  by  ooluimi 
coverings  the  connection  should  be  made  so  tliat  the  stability  of 
the  covering  is  not  affected  by  l>uclding  or  f  aihupe  of  the  supported 
walls.  Pipes  should  not  be  placed  within  the  thickness  of  cover* 
ing  reqtiired  for  the  givein  resistance  periods  nor  incorporated  in 
the  covering  in  such  mamier  as  to  dislodge  any  essential  portion, 
thereof  by  expansion  or  buckling  incident  with'  nonnal  use  cm:  with 
fire  conditions. 

(o)  UKPROrBCTBD  SXKDOTUKAL-SrBBL  COliXIlIire 

As  based  on  test  Nos.  i  to  8,  and  with  not  less' than  the  minimum 
metal  thickness  and  area  of  section  given  in  Table  46,:unprotected 
stnictural-steel  columns  give  lo-miniUe  fire  resistatnce. 

The  low  degree  of  resistance  afforded  indicates  unsuitabilityfor 
use  where  fires  of  any  appreciable  degree  of  intensity  and  duration 
are  possible. 

(b)  PARTLY  PROTBCTSD  STRUCTURAL-STBEL  COLUMNS 

The  protection  consists  of  concrete  that  fills  the  interior  and 
reentrant  portions  to  the  outside  of  the  extreme  metal  on  the 
rrjflin  members.  Except  on  the-open  sides  of  latticed  columns,  the 
concrete  is  seciu-ed  with  horizontal  and  vertical  metal  ties. 

(i)  3ox*id-Section  Columns. — Structiural-steel  columns  of  solid 
rolled  or  riveted  section,  whose  reentrant  portions  are  filled  with. 


Digitized  by 


Google 


204  Technologic  Papers  of  the  Bureau  of  Standards 

coaarete  made  with  any  of  the  aggregates  included  in  the  present 
series  of  tests,  except  highly  stUceous  sand  and  gravd,  mixed  in 
proportion  of  i  part  Portland  cement  to  not  more  than  8  parts 
fine  axid  coarse  aggr^[ates  combined,  and  with  comfained  area  of 
steel  and  concrete  not  less  than  35  square  inches,  give  one-half 
hour  fire  resistance.  Similar  columns  filled  in  the  same  manner 
with  limestone,  calcareous  gravel,  <m-  trap^rock  concrete,  and  with 
area  of  filled  column  not  less  than  60  square  inches,  give  three- 
fourths  hour  fire  resistance. 

The  one*half  hour  period  is  based  on  test  Nos.  15,  16,  and  17, 
and  the  three-fourths  hour  period  on  test  Nos.  14,  20,  and  21. 

(2)  Open  Latticed  Section. — 8tmctural-«teel  columns  of 
open  latticed  section,  with  the  interior  and  reentrant  portions 
filled  with  concrete  of  proportion  i  part  Portland  cement  to  not 
more  than  6  parts  fine  and  coarse  aggregates  combined,  and  with 
total  area  of  not  less  than  120  square  inches,  give  2-hour  fire 
reastance  if  concrete  is  made  with  trap^rock  aggregate  and  jK- 
hour  fire  resistance  if  limestone  aggr^^te  is  used. 

The  above  conclusions  are  based  on  test  Nos.  18  and  22,  the 
higher  resistance  over  the  solid  section  columns  beii^  due  to 
absence  of  large  areas  of  exposed  metaL  It  is  essential  to  use 
concrete  that  is  not  subject  to  craddng  or  ^>alling,  ance  the 
covering  on  parts  of  the  main  members  is  usually  little  more  than 
I  inch  thick  and  not  tied. 

(e)  STRUCTUItAL-SnBL  CQLUiaiS  WITH  PUkSTXR  OH  MBTAL-LATH  PHOTBCTIOHS 

The  plaster  can  be  applied  on  either  expanded  metal  or  woven- 
wire  lath.  The  layer  thickness  is  measured  from  tbt  inner  Une 
of  the  lath.  The  proportion  of  the  plaster  considered  is  i  part 
Portland  cement  to  not  nu>re  tiuin  2}4  parts  medium-coarse  sand, 
with  lime  added  equal  to  one-tenth  of  the  cement  volume.  The 
periods  derived  are  based  on  test  Nos.  23  to  26  and  1 10,  in  which 
the  above  proportion  was  used.  The  effect  on  fire-resistive  prop- 
erties produced  by  varying  the  lime  content  is  otherwise  not 
known. 

(1)  Single-Layer  Protection. — Structural-steel  columns  pro- 
tected by  a  layer  of  Portland-cement  plaster  i  inch  thick  applied 
on  metal  lath  give  three-fourths  hour  fire  resistance. 

(2)  DoxjblE-Layer  Protection. — Structural-steel  columns  pro- 
tected by  two  layers  of  Portland-cement  plaster  each  ^  inch  thick 
with  ^-inch  air  space  between  layers  give  lyi-hour  fire  resistance. 
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(4)  COHCSBTB  PROTBCTIOHS  ON  SXRUCTURAL-STXEI.  COLUMUS 

The  protections,  preferably  placed  without  construction  joints, 
should  extend  through  floors,  where  the  floor  filling  is  of  other 
material  than  concrete.  Lateral  ties  consisting  of  iron  or  steel 
wires  or  mesh,  embedded  in  tte  covering  and  extending  to  within 
about  I  inch  from  its  stuf ace,  are  to  be  equivalent  to  not  less  than 
a  No.  5  (B.  ami  S.  gage)  steel  wire  wound  spirally  on  a  pitch  of 
8  inches. 

The  proportion  of  mixture  taken  to  hold  is  i  volume  part  Port- 
land cement  to  6  parts  fine  and  coarse  aggregates  combined, 
94  pounds  of  the  cement  being  taken  as  its  weight  per  cubic  foot. 
The  effect  of  reducing  the  cement  content  of  the  mixture  was  not 
definitely  determined  in  the  tests,  although  some  reduction  in  fire 
resistance  was  noted  as  between  the  i :  6  and  the  i :  8  proportion, 
estimated  as  eqtiivalent  to  reductions  in  the  resistance  periods  of 
not  more  than  }4  hour  for  periods  up  to  3  hours  and  possibly  as 
much  as  i  hour  for  the  longer  resistance  periods. 

Limitations  relative  to  size  are  given  in  Table  46  (p.  197).  For 
columns  of  dimensions  much  larger  than  the  given  minimum,  the 
periods  apply  with  a  considerable  margin  of  safety. 

(i)  Silicbous-GravbI/  Concrbte  Protection. — Structural- 
steel  columns  covered  with  a  2-inch  thickness  of  concrete  made 
with  gravel  aggr^ate  of  high  silica  content  give  one-hour  fire 
resistance,  and  with  similar  4-inch  protections  give  zyi-howr  fire 
resistance. 

Since  the  failure  of  coverings  of  this  t3rpe  of  concrete  is  depend- 
ent on  stability  of  portions  thereof,  no  adequate  basis  is  present 
for  estimating  the  value  of  the  resistance  period  for  thicknesses 
intermediate  between  2  and  4  inches. 

The  periods  are  based  on  test  Nos.  39  and45,  where  the  aggregate 
consisted  mainly  of  chert  grains  and  pebbles.  Since  this  form  of 
silica  develops  as  great  or  greater  disruptive  effects  on  exposure 
to  fire  as  quartz,  flmt,  and  related  minerals,  the  derived  protection 
periods  apply  generally  wh^ie  concrete  made  with  all  common 
forms  of  silicsous  aggregates  is  used. 

(2)  Granitb,  Sandstone^  or  Hard-Coal  Cinder  CcmcRETE 
Protection. — Structural-steel  columns  covered  with  2-inch  pro- 
tections of  granite,  sandstone,  or  hard-coal  dnder  concrete  give 
2%-hour  fire  resistance,  with  3-inch  coverings  give  3}4-hour  fire 
resistance,  and  with  4-inch  coverings  give  5-hour  fire  resistance. 
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Tests  were  made  of  2-inch  coverings  of  concrete  made  with 
sandstone  and  dnder  (Nos.  31,  32,  32A,  43,  44,  and  104),  and  in 
th^  4-inch  thickness,  with  granite  as  the  coarse  aggregate  (test 
Nos.  34,  34A,  and  103).  The  extension  of  the  results  with  sand- 
stone and.  cinder  concrete  to  cover  thickness^  heavier  than  2 
inches,  and  of,  granite  concrete  to  cover  thicknesses  lower  than 
4  inches,  is  based  on  relative  effectiveness  with  respect  to  trap* 
rock  concrete  in  coverings  (test  Nos.  29,  36,  and  37)  of  comparable 
thickness. 

The  granite  used  in  the  concrete  of  the  colmnn  coverings  tested 
contained  35  per  cent  quartz  and  about  60  per  cent  feldspars, 
ditefly  orthoclase  (Table  20,  p.  34s),  the  size  of  crystals  ranging 
from  0.03  inch  to  Q.35  inch.  The  range  in  quartz  content  of  granites 
is  generally  from  20  to  40  per  cent,  with  extremes  from  5  to  50  per 
cent.  In  crystal  size  the  general  range  is  from  0,02  inch  to  040 
inch,  with  extremes  up  to  2  >^  Inches.  It  appears,  therefore,  that 
the  granite  tested  came  within  the  higher  range  in  quartz  content 
and  had  crystal3  c^  average  size.  To  what  extent  changes  in 
mineral  composition  and  crystal  size  of  granite  affect  the  fire* 
resistive  properties  of  concrete  made  with  it  is  not  known,  although 
it  would  be  expected  that  those  of  lower  quartz  content  will  be  the 
least  subject  to  destructive  fire  effects; 

The  Berea  sandstone  used  in  these  tests  was  a  siliCa  cemented 
stone  of  average  hardness  consisting  almost  wholly  of  subangular 
grains  of  quartz.  Some  disintegration  from  heat  due  to  loss  of 
cfementlng  properties  was  noted,  but  JK>t  enough  to  affect  the  fire- 
resisting  properties,  the  principal  fire  effects  being  cracking  and 
dislodgment  of  xelativdy  large  masses,  induced  presumably  by 
the  high  quartz  content. 

Among  sandstdnea  used  as  concrete  £^si^ate,  quaortdte  has  all 
pore  spaces  filled  with  silica  cement,  resulting  in  a  hard,  homo* 
geneous,  qtiartz  mass.  Flame  tests  made  on  small  specimens  of 
the  stone  <lo  not  indicate  any  greater  disruptive  effects  than  those 
incident  with  similar  tests  of  other  sandstones. 

Silica  cemented  sandstones  range  in  hardness  from  compacted 
sand  to  a  condition  approacfaitisg  quartzite,  all  being  of  high  silica 
content,  usually  ov^  95  par  cent.  The  sifter  grades  are. generally 
eliminated  from  use  a$  ccmcrete  aggregate  on  the  score  of  deficient 
strength  and  hardness. 
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The  limeKsemented  sandstones  range  in  nmieral  compoisition 
from  nearly  pare  sandstone  to  sandy  linustones  canying  only 
smaU  amounts  of  silica.  The  iron  (limonite)  and  clay  cemented 
sandstones,  of  which  the  brownstones  are  representative,  carry 
variable  amoxmts  of  feldspar  and  mica,  the  range  in  free  quartz 
content  being  from  56  to  90  .per  cent.  The  bluest<mes  of  New 
.York,  Fennff^lvania;  and  West  Virginia  contain  from  20  to  60  per 
cent  quartz,  the  other  minerals  bdmg  mainfy  fddspar  and  horn- 
blende. 

vnnkt  not  possiUe  to  predict  fully  the  behavior  of  combinations 
of  minerals  om  exposure  to  fire,  it  is  probable  that  the  addition  of 
calcareous,  dajrey,  or  feldspathic  minerals  to  quarts  to  form  the 
sandstones  noted  above  wiU  decrease  rather  than  increase  the  crackl- 
ing incident  with  fire  exposure  of  purer  forms  of  the  rock. 

The  hard-coal  cinder  contained  about  10  per  cent  unbtuned 
coal  and  5  per  cent  ash,  and  to  obtain  comparable  results  these 
percentages  should  not  be  greatly  exceeded. 

(3)  Trap-Rock  Concrbtb  Protection. — Structural-steel  orf* 
umns  protected  by  2^ch  coverings  of  triap-rock  concrete  give 
Srhour  fire  resistance,  with  3-indi  coverings  give  4'-hour  fire  resist* 
ance,  and  with  4-inch  .coverings  give  5-beiir  fire  resistance  (test 
Nos.  29,  36,  37»  40,  loi,  103,  and  104). 

The  periods  for  the  2  and  4  inch  covering  thicknesses  were 
derived  directly  from  the  test  results^  and  that  for  the  3-inch 
thickness  taken  as  their  average. 

/  Trap  rode  is  a  dark-colored,  fine-grained  igneous  rock  that 
does  not  vary  greatly  in  mineral  composition  and  carries  at  most 
only  a  trace  of  quartz  (Table  20).  The  term  does  not  tndude  the 
bard  sandstones  known;  tmder  the  same  name  in  some  localities. 

(4)  Limestone  or  CALCAREou&<iRAVEi.  Concrete  Protec- 
tion.— Structuial-steel  columns  protected  by  2-iiich,co!verii]^  of 
limestone  or  calcareous-gravel  concrete  give  4^houiir  fire  resistance, 
with  3-inch  coverings  give  d-hour  fiife  reststanoe,  and  with  4-indi 
coverings  give  S-hour  fire  resistance. . 

Tests  were  made  of  2-inch  coverings  of  linaestooe  and  cafeareous- 
gravel  concrete  (tc^  NoSi  28,  28A,  30,  38,  loii  loa^and  104)  and 
of  4-inch  coverix^  of  1:6  and  i:81uiie8tiiaeconcrete<testNos.33, 
33Af  35i  41,  42,  and  103).  The  period  for  the  2-mch  thickness 
was  derived  directly  from  the  test  results.    The  columns  with  the 
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4-mch  covering  all  withstood  the  8-hoiir  fire  test,  and  while  hot 
sustained  such  large  additional  loads  as  to  justify  the  conclusion 
that  in  the  lower  range  of  results  with  conq)arably  protected  col- 
unins  the  working  load  will  be  sustained  dtuing  an  S^hour  fire 
period. 

The  limestoneand  thecalcaireous  gravel  of  the  tests  were  dolomitic 
and  contained  about  5  per  cent  of  clayey  impurities  (Table  20). 
It  is  thought  that  the  results  apply  without  modification  where 
high  calcium  limestone  or  gravel  of  nearly  the  same  purity  is  used. 
The  silica  imptuities  in  limestone  occur  as  free  silica  (quartz,  chert, 
flint,  and  opal)  cmd  silica  combined  in  clay  and  other  silicates. 
Most  limestones  carry  from  5  to  10  per  cent  of  combined  dayey 
impurities,  butnot  many  have  more  than  10  i>er  cent  of  free  silica, 
and  within  the  given  limits  these  impurities  are  not  deemed  ob* 
jectionable  for  stone  or  clean  gravel  used  as  concrete  aggregste  in 
fire-resistive  construction.  Some  limestones  contain  higher  per* 
centages  of  free  silica  and  particulariy  the  waste  from  limekiln  and 
cement  plant  quarries  is  likely  to  be  high  in  chert* 

Gravels  in  the  glaciated  area,  which  includes  nearly  all  of  the 
territory  north  of  the  Missouri  and  Ohio  Rivers,  New  England, 
New  York,  northern  Pennsylvania,  and  northem  New  Jersey,  may 
contain  material  from  any  point  to  the  northward  and  formed  tmder 
the  most  diverse  conditions  will  vary  greatly  in  mineral  conqx)- 
sition  both  vertically  and  horizontally.  TWs  also  applies  to  the 
gravels  of  the  Great  Lakes  and  the  ocean  gravels  as  far  south  as 
New  York.  If  the  superior  fire-resistive  qualities  of  concrete  made 
with  calcareous  gravel  is  to  be  assured,  or  the  highly  siliceous 
gravel  avoided,  it  is  necessary  to  identify  the  material  in  each 
bank  by  means  of  suitable  chemical  or  mineralogical  analyses  at 
successive  times  as  the  development  proceeds. 

Outside  of  the  glaciated  area,  the  river  and  shore  gravels  are 
more  tmiform,  although  varying  with  changes  in  the  rock  forma* 
tions  of  the  drainage  area  or  headlands. 

The  calcareous  content  of  the  sands  (Fox  River  and  Joliet)  used 
in  combination  with  the  limestone  and  calcareous  gravel  was  higher 
than  the  combined  quartz  and  chert  content  (Table  20).  While  all 
sands  are  likely  to  contain  considerable  silica,  and  the  extent  of 
their  influence  on  the  thermal  properties  of  concrete  made  with 
them  is  not  known,  it  is  thought  best  to  avoid  using  highly  siliceoos 
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saads  in  combinatum  with  limestone  and  calcaieous  gravel  where 
the  full  fire-zesistive  value  of  the  concrete  is  to  be  utilized.  As 
used  with  the  other  coarse  concrete  aggregates,  the  mineral  com- 
po^on  of  the  sand  is  of  minor  importance,  provided  it  meets  the 
common  requirements  for  a  good  concrete  sand.  The  sand  in  a 
given  dq>08it  is  generally  more  uniform  in  composition  than  the 
laiger-sized  material. 

(«)  H(MJX>W  GIJkr-IBA  PROTBCTtORS  ON  sntnCTURAL-STXBL  COLUMRS 

The  tile  is  assumed  applied  in  coiu-ses  about  12  inches  high  with 
fairly  full  horizontal  and  vertical  mortar  joints  between  the  tile 
units.  The  mortar  shotild  also  fill  the  space  between  the  tile  and 
column  flanges  except  where  it  is  filled  with  concrete.  The  pro- 
portion of  mortar  used  in  the  tests  was  i  volume  part  Portland 
cement  to  i  of  stiff  slaked  lime,  and  4  of  fine  sand.  While  the 
influence  of  mortar  proportion  on  the  effectiveness  of  the  covering 
is  not  definitely  known,  the  test  results  are  not  fully  applicable 
unless  mortar  having  about  the  same  content  of  cementing  mat^ 
rials  as  that  given  above  is  used,  and  particularly  the  Portland 
cement  should  not  be  reduced  below  the  proportion  given.  As  an 
aid  in  assigning  fire-resistance  periods  for  combinations  of  tile  and 
details  of  application  not  included  in  the  tests,  it  can  be  stateid 
that  in  the  tests  the  semifire-clay  tile  biunt  to  meditun  hardne^ 
displayed  the  best  fire-resistance  properties,  followed  in  order  by 
tile  of  hard  btunt  semifire  clay,  of  surface  clay,  and  of  shale. 

The  coverings  tested  were  generally  tied  with  one  No.  12 
(B.  &  S.  gage)  iron  or  steel  wire  placed  tightly  arotmd  the  outside 
of , each  course,  or  by  strips  of  woven  wire  of  f^-inch  mesh,  placed 
in  the  horizontal  joints  and  lapping  at  the  comers.  The  latter 
method  is  considered  superior  to  the  outside  wire  ties  and  can  be 
substituted  for  them  where  desired.  The  difference  in  effective- 
ness of  the  two  methods  is  not  considered  so  large  as  to  justify 
requiring  the  mesh  except  for  tile  subject  to  severe  disruptive 
effects  on  exposure  to  fire  and  where  the  higher  resistance  periods 
are  to  be  attained.  Other  forms  of  interior  ties  may  be  used  if 
equivalent  in  effect  to  the  wire  mesh. 

In  assigning  fire-resistance  periods  to  given  protections,  con- 
sideration is  given  to  the  effect  of  area  of  solid  material  in  the 
cross  section  of  the  covered  column,  having  reference  to  the 
minimum  values  given  in  Table  46  (p.  198). 
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The  ptoportkm  of  mixture  for  the  concrete  filling  \iras  i  part 
Portland  cement  to  not  more  than  8  parts  fine  and  coarse  aggre- 
gates combined,  the  filling  being  placed  after  the  tik  was  set 
Any  aggregate  used  in  these  tests  may  be  ^nployed  except  highly 
siliceous  gravel. 

(i)  Unpillsd  Protection. — Stmctuml-stsel  colunii»  with  hd- 
low  clay-tile  protections  of  2,  3,  or  4  inch  semifire-clay  tile  of  me- 
dium hardness,  tied  with  outside  wire  ties,  give  ono^hom  fire  re- 
sistance. 

This  period  is  based  on  results  of  fire  tests  Nos.  48  and  49  taken 
together  with  fire  and  water  tests  Nos.  105  and  107.  The  tile  in 
these  tests  developed  fewer  disruptive  effects  on  exposure  to  fire 
than  any  other  kind  tested.  Tile  more  sensitive  to  abrupt  tem- 
perature change  is  not  adapted  for  use  in  unfilled  protections,  as 
the  cracking  and  spalling  resulting  after  a  short  fire  exposure 
allows  the  heat  to  readily  reach  the  steel,  also,  on  application  of 
water,  parts  of  the  impaired  covering  are  liable  to  be  carried 
away,  leaving  the  metal  tmprotected  against  a  possible  recurring 
fire. 

The  use  of  unfilled  protections  should  generally  be  avoided  as 
the  fining  mat^ally  increases  their  stability  and  instilating  value. 

(2)  Shale  or  Surface-Clav  Tile  Protection  with  Cor- 
CRETE  Filling  Reentrant  Spaces. — Structural-steel  columns 
with  hollow  clay-tile  protections  of  2,  3,  or  4  inch  shale  or  surface- 
clay  tile,  tied  with  outside  wires  and  with  concrete  filling  the 
rfeentrant  spaces  between  tile  and  coliunn  web,  give  one-hour  fire 
resistance  (test  Nos.  50,  50A,  52,  53,  and  106). 

Similar  protections  of  3  or  4  inch  surface-clay  tile  with  heavy 
shells  and  webs  give  i}4-hourfiie  resistance  (test  Nos.  51  and  51  A). 

(3)  Semifire-Clay  or  Surmce-Clay  Tile  Protection  with 
Full  Concrete  Filling. — Structural-steel  coltmms  with  hollow- 
tile  protections  of  the  given  types  of  clay,  set  i  inch  away  from  the 
flanges  and  edges,  with  concrete  filling  all  spaces  between  the 
steel  and  the  tile,  give  2'hour  fire  resistance  where  outside  wire  ties 
are  used  (test  Nos.  54,  55,  and  57),  and  with  wire  mesh  in  the 
horizontal  joints  give  2)^ -hour  fire  resistance  (test  Nos.  56  and  77). 

The  thidmess  of  tile,  using  outside  wire  ties,  may  be  either  2,3, 
or  4  inches.  With  the  wire  mesh  the  thickness  shotild  preferably 
be  not  less  than  3  inches  to  allow  ties  of  sufficient  width  to  be  used. 
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(4)  Double  2-inch  Tile  PROTBcnoN.— Stniettiral-sted  cd* 
itnins  with  protections  <rf  two  layers  of  2-uiebetirffioe-cl«y  tile,  and 
with  the  space  between  the  inner  tile  layer  and  the  coltmui  fiJed 
with  tile  set  in  place,  give  3-hour  fire  resistance  when  the  cover- 
ing is  bonded  with  wire  m^h  in  the  horizontal  joints  and  i^hour 
fire  resistance  if  tied  with  outside  wire  ties. 

The  periods  are  based  on  test  Nos.  58  and  59,  which  indicated 
a  nnrked  ^fFerence  in  results  due  to  the  method  of  tying  the 
surface-clay  tile  applied  in  the  given  type  of  protection.  Concrete 
fining  may  be  sut^tituted  for  the  tile  filHng  if  desired. 

(/)  BRICK  PROTBCnONS 

The  fixe  resistance  periods  are  derived  ficom  the  results  of  te^t 
Nos.  68  and  69.  The  same  qualifications  relative  to  mortar  apply 
as  for  the  hollow  clay^^tile  protections,  as  also  the  size  limitations 
given  in  Table  46  (p.  198). 

Structural-steel  columns  thus  protected  with  common  surface* 
clay  brick,  set  on  edge  and  end  outside  of  the  flanges  and  edges 
and  filling  the  whole  space  to  the  steel,  give  j-hour  fire  resistance, 
and  with  brick  laid  flat  on  side  to  form  a  solid  protection  of  about 
4-inch  thickness  j-hour  fire  resistance  is  developed, 

(9)  OTPSmC-BLOCK  PRoncTioiis 

The  derived  resistance  periods  apply  to  columns  covered  with 
solid  gjrpsiun  block  set  in  mortar  of  proportion,  i  part  calcined 
gypsum  to  3  parts  fine  sand,  the  blocks  being  bonded  with  strips 
of  corrugated  iron  or  wire  mesh  placed  in  the  horizontal  joints 
over  all  vertical  joints.  The  space  between  the  outer  blocks  and 
column  can  be  filled  with  g3rpsum  blocks  set  in  place  or  with 
poured  filHng  consisting  of  calcined  gypsum,  broken  gypsum 
blocks,  and  sand,  mixed  with  enough  water  to  enable  proper 
jrfacement. 

Structural-steel  columns  with  protections  of  2-mch  sohd  gypsum 
blocks  placed  according  to  the  above  details  give  i}4'hour  fire 
resistance  (test  Nos.  65,  66,  and  108),  and  with  similar  protections 
of  4-inch  solid  gypsiun  blocks  give  sJ/i-hour  fire  resistance  (test 
Nos.  64,  67,  67A,  and  109).  Interpolation  between  the  two 
thicknesses  appears  justified,  the  protection  made  with  the  3-inch 
solid  block  giving  accordingly  a  resistance  period  of  2^4  hours. 

The  area  limitations  given  in  Table  46  apply  less  rigidly  to 
gypsum-block  protection  than  to  most  other  types,  because  the 
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f fdltire  is  induced  by  loss  of  stability  of  the  blocks  after  a  given 
fire  exposure  and  not  to  normal  transmission  of  heat  through  the 
Covering. 

(ft)  CAST-IRON  OOLUmre 

(i)  Unprotected  CoirUMNa — With  the  minimum  area  and 
wall  thickness  given  in  Table  46,  unprotected  c^-^iron  columns  give 
20-mw/ute  fire  resistance. 

The  fire  tests  (Nos.  9. 10,  and  loA)  were  made  on  round  coltunns 
of  about  }^'ix}ch  wall  thickness,  and  gave  uniform  results,  although 
they  were  not  sufficient  in  number  to  develop  possible  variations 
due  to  quality  of  metal  and  differences  in  wall  thickness.  The 
fire  and  water  tests,  while  inducing  large  permanent  deflections, 
did  not  cause  the  columns  to  lose  ability  to  sustain  working  loads. 

Filling  the  interior  with  concrete  (test  No.  11)  gives  on  increase 
in  resistance  of  10  minutes  or  a  total  period  of  one-half  hour. 

(2)  Plaster  on  Metal-Lath  Protection.— A  smgle  heavy 
layer  of  Portland-cement  plaster  of  i)^-inch  average  thickness 
applied  on  high-cribbed  metal  lath  to  round  cast-inm  columns 
gives  a  fire  resistance  of  2  hours  (test  No.  27). 

The  same  proportion  of  plaster  applies  as  given  above  under 
(c)  for  protections  on  steel  columns.  To  attain  the  required 
average  layer  thickness,  the  surface  of  the  covering  will  extend 
about  2  inches  outside  of  the  metal  on  account  of  voids  inside 
of  the  lath. 

(3)  Concrete  Protection. — Round,  cast-iron  coliunns  with 
2-inch  protections  of  trap-rock,  granite,  or  hardnxml  cinder  con- 
crete, give  2'hour  fire  resistance. 

The  period  is  based  on  test  No.  47  where  cinder  concrete  was 
used.  Extension  to  include  concrete  made  with  the  other  aggre- 
gates is  made  because  of  characteristics  similar  to  cinder  concrete 
developed  by  them  in  other  tests  of  concrete  protection.  Lime- 
stone and  calcareous  gravel  concrete  would  on  the  same  basis 
give  longer  resistance  periods.  The  proportion  of  the  ccmcrete 
can  be  taken  as  i  part  Portland  cement  to  not  over  7  parts  aggre- 
gate. Relatively  small-sized  aggregates  need  to  be  used,  to 
enable  good  placement  of  the  covering,  and  with  some  aggregates 
it  may  be  necessary  to  increase  the  thickness  of  the  covering  to 
secine  this  result.  The  ties,  equivalent  to  not  less  than  No.  5 
(B.  &  S.  gage)  steel  wire  on  84nch  vertical  pitch,  are  to  be  sup- 
ported about  I  inch  away  from  the  column. 
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(4)  Hollow  Clay-Tile  PROi?BCTioN.--<iiwt-iron  ooltmms  cov- 
ered with  2-i2ich  curved  poroud  semifire-clay  tile,  with  >^-inch 
mortar  thickness  between  tile  and  colmiui,  and  tied  with  outside 
wire  ties,  give  2'hour  fire  resistance  (test  Nos.  62  and  63), 

The  same  details  of  application  can  be  taken  to  hold  as  for 
toUow-tile  protections  on  structural-steel  columns. 

(0  UnPROTBCTED  PIPB  COLUMIIS  ^ 

Unprotected  colimms  consisting  of  steel  or  wrought-iron  pipes 
not  smaller  than  the  standard  6-inch  pipe  size,  with  filling  of  con- 
crete, give  zs-miwiUe  fire  resistance.. 

Pipe  coltunns  not  smaller  than  the  7-inch  standard  pipe  size,  filled 
with  concrete  and  reinforced  in  the  fill  with  structural  shapes, 
give  three-fourths  hour  fire  resistance. 

The  proportion  of  the  concrete  filling  is  taken  to  be  i  part  Port- 
land cement  to  not  more  than  4K  parts  fine  and  coarse  aggre- 
gates combined  (Table  46,  p.  199). 

The  conclusions  relative  to  fnpe  coltunns  are  based  on  test 
Nos.  12  and  13,  made,  respectively,  on  a  7-inch  plain  pipe  coltmm 
and  on  an  8-inch  reinforced  {npe  coltunn,  both  being  standard 
new  steel  pipes  with  wall  thickness  of  about  5/16  of  an  inch.  Ex- 
tension of  the  result  with  the  former  to  make  it  applicable  to  the 
6*inch  inpe  size  and  of  the  latter  to  apply  to  the  7-inch  size,  appears 
justified. 

0)  RBmTORCBD-CONCRSTB  COLUMNS 

The  proportion  of  the  concrete  for  which  the  derived  periods 
hold  is  I  part  Portiand  cement  to  6  parts  fine  and  coarse  aggre- 
gates combined,  the  coarse  aggregates  being  trap  rock  or  lime- 
stone (cf.  Sec.  XII,  par.  31).  The  same  considerations  relative 
to  possible  variations  in  the  aggregate  hold  as  for  concrete  pro- 
tection. 

The  coltuzms  may  be  round  or  square  and  reinforced  with 
vertical  bars  held  by  lateral  ties  spaced  not  farther  apart  than  12 
inches  or  by  vertical  bars  and  spirally  wound  wire  hooping,  all 
reinforcements  to  be  covered  by  not  less  than  2  inches  of  con- 
^xete  placed  integrally  with  the  structural  portion  of  the  coltmm. 

Under  these  conditions  reinforced-concrete  coltunns  made  with 
limestone  or  hiighly  calcareous  gravel-aggregate  can  be  taken  as 
giving  8'hour  fire  resistance  (test  Nos.  70,  72,  74,  iii,  and  112), 
and  made  with  trap-rock  aggregate,  s-hour  fire  resistance  (test 
Nos.  71,  73,  75,  and  113)  (Table  46,  p.  199). 
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The  limestOM-oOiKa^e  colnmns  withstood  the  S^boitr  fire 
test,  and  while  hot  sustained  tdtlmate  loads  of  irom  a  little  less 
than  twice  to  nearly  three  times  the  load  sustained  durmgf  the 
S-hour  period.  This  gives  reasonable  assurance  that  all  similaxly 
constructed  columns,  ushig  a  properly  identified  limestone  aggre- 
gate, will  sustain  working  load  untfl  the  end  of  an  S^Jhour  fire 
period,  taking  into  jstccoimt  all  probable  variations.  Calcareous 
gravel  can  be  used  in  place  of  limestone  if  the  free  sUica  and 
other  imptuities  are  within  the  limits  given  in  paragraph  (d4) 
(p.  208). 

Two  of  the  trap-rock  concrete  columns  failed  during  the  8- 
hoiu-  period  and  the  other  withstood  the  8-hour  fire  test  and  about 
25  per  cent  additional  load  at  the  end  of  this  period.  The  fire- 
resistance  period  is  therefore  almost  fully  determinate  on  the 
basis  of  test  duration. 

(k)  UMBBR  COLI7M1VS 

With  unprotected  c^  protected  timber  columns  having  exposed 
cast  iron  or  steel  caps,  the  resistance  to  fire  is  limited  by  failure 
at  thie  be^brings  before  the  full  resistance  of  thie  timber  has  been 
developed  elsewhere.  (Cf .  Sec.  XII,  pp.  1 67  and  194) .  l^e  re»st* 
ance  periods  apply  most  fully  to  the  species  tested,  long  leaf  pine 
and  Douglas  fir,  although  with  f aihire  occurHng  at  the  bearngs 
the  species  of  timber  is  not  a  governing  consideration. 

(i)  Unprotected  Timber  Columns. — ^As  based  on  test  Nos. 
79,  81,  82,  and  83,  unprotected  timber  columns  with  exposed  cast 
iron  or  steel  caps  give  25'minule  fire  resistance. 

(2)  Protected  Timber  ColumKs. — ^Timber  columns  having 
cast  iron  or  steel  caps  and  protected  by  a  layer  of  gypsum  wall 
board  ^  inch  thick,  give  three-fourths  hour  fire  resistance  (test 
No.  80),  and  protected  by  a  i-inch  layer  of  Portland-<;ement 
plaster  on  metal  lath,  with  an  air  space  between  the  timber  and 
the  plaster  layer,  give  ij^-hour  fire  resistance  (test  No.  78). 

The  protections  are  asstmied  to  cover  «dl  exposed  metal  of  the 
caps  as  well  as  the  timber.  The  proportion  of  the  P<»tland- 
cement  plaster  can  be  taken  the  same  as  given  for  plaster  cover- 
ings on  steel  columns  (Table  46,  p.  197). 

Protections  on  timber  columns  should  be  applied  with  cautitm 
on  account  of  possible  unfavorable  effects  upon  the  timber  in 
point  of  susceptibility  to  decay.     (Cf.  Sec.  XII,  p.  194). 
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3.  CONDITIONS  oorabrnMOVMB  mAutioN  in  buildings 

The  intensity  and  deration  of  buildmg  feies  depend  upon  the 
character  and  amount  of  combustible  material  in  the  building 
constructicm  itself  and  in  the  building  contents.  The  latter  will 
be  determined  in  a  general  way  by  the  occupancy.  Office  and 
residence  occupancies  generally  support  fires  of  shorter  duration 
than  manufacturing,  mcirchandizing,  or  storage.  The  possible 
duration  of  fire  is  also  d^^iienrnxusd  to  some  extent  by  the  floor 
load  for  which  the  buikUng' jsiflesigiied,  sinee  it  limits  tiie  amount 
of  material  subject  to  fire. 

The  effective  fire  duration, as  far  w  it  eoaeems  a  giron  buildiag 
member,  pertams  only  to  the  duration  of  the  combustion  taking 
place  near  enough  to  it  to  impart  temperatures  suffieimtly  high 
to  cause  failure  under  its  supported  load.  This  is  not  necessarfly 
the  same  as  the  total  duration  of  the  fire  within  the  JbuHding,  or 
within  a  subdivision  thereof,  such  as  tt  imildmg  Story.  It  is 
oecessary  to  assume  maximum  ixrobable  condi^tioos  both  with 
regard  to  building  contents  eavA  air  stippty,  as  eoMidtted  with 
respect  to  intensity  and  duration  of.  ^  possible  fire.  Compen- 
sations and  adjuftments  between  iateaaity  and  duration  may  be 
necessary  imder  some  conditions  in  order  to  approxixnate  a  fire 
duration  having  intensity  ^quivalettt  te  tbat  of  the  exposure  in 
the  fire  test.  Limitation  of  the  degree  of  resistance  to  be  devel- 
oped to  the  requirements^^  jvasent  os:  xmrnedifrte  future  oecupsncy 
fs  generally  not  justified,  unless  the  bmldteg,  its  location  or  use  is 
such  that  no  change  to  a  use  involving  a  more  severe  fire  condi- 
tion is  probable. 

While  it  is  outside  of  the  scope  of  the  present  paper  to  attempt 
the  determination  oi  i^-obaUe  fire  diipatioii  for  various  types  of 
buildings  and  occupancies,  it  is  a  step  in  the  appUcation  of  the 
•test  results  that  will  require  careful  coiasideration.  The  fii^ 
resistance  periods  were  derived  under  exacting  conditions  In 
point  of  test  columns,  test  couditloas,  and  interpretation  of  re- 
sults, and  the  types  of  columns  and  protections  to  which  they 
pertain  are  deemed  to  be  fully  adequate  for  resisting  building 
fires  of  corresponding  duration. 
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MOTBS 

The  upper  curves  in  the  diagrams,  usually  four  in  number,  give  indicated  furnace 
temperatures  at  four  points  within  the  furnace  chamber,  two  at  3  feet  and  two  at 
9  feet  above  the  fireproofing  line  at  the  base  of  the  test  colimm,  the  lower  location 
being  designated  by  L  and  the  upper  U.  The  other  letters  of  the  curve  designations 
indicate  the  comer  of  the  furnace  nearest  to  the  given  thermocouple  location.    Thus: 

Lf-NWt  lower  northwest  location 

L^E,  lower  southeast  location 

U'NE,  upper  northeast  location 

USWt  upper  southwest  location 
cf.  Section  VII.  paragraph  2a,  and  Fig.  31. 

The  lower  curves  in  tbe  diagrams  give  temperatuves  at  four  general  levels  on  the 
test  column,  and  for  one  or  two  of  the  levels  the  temperatures  are  given  for  several 
points  on  the  section,  as  shown  by  the  location  diagram  given  for  each  test.  The 
levels  are  indicated  by  the  letters  L,  iV,  M ,  and  T,  for  locations  i>^,  4^^,  7X1  and 
io>^  feet,  respectively,  above  the  fireproofing  line  at  the  base  of  the  column.  Thus 
for  test  No.  14,  Fig.  94: 

Ba,  z>^-foot  level  at  center  of  coltuim  flange 

^i»  4K-foot  level  at  center  of  column  web 

N2,  ^yi'ioot  level  at  center  of  column  flange 

Af  I,  7K-foot  level  at  center  of  column  web 

Afa,  yyi-focft  level  at  center  of  column  flange 

Af3,  yK-foot  level  at  edge  of  column  flange 

T2,  zo>^-foot  level  at  center  of  column  flange 
cf.  Section  VII,  paragraph  36,  and  Fig.  31. 

The  arrows  in  Figs.  90  to  141  indicate  the  time  of  failure  of  the  columns  in  the  fire 
tests.  The  arrows  in  Figs.  14a  to  145  indicate  the  time  water  was  applied  to  the 
columns  in  the  fire  and  water  tests. 
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NoTS. — The  tinit  defonnatian  is  the  tinit  longitudinal  expansion  or  compression 
observed  over  a  37-inch  (94  cm)  gage  length  immediately  above  the  midheight  of  the 
columns,  and  is  given  on  the  diagrams  in  terms  of  parts  in  100  000  to  the  same  scale 
as  centigrade  temperature.  Thus  a  imit  deformation  of  zoo  parts  in  xoo  000  is  cooz. 
Deformations  above  the  zero  line  denote  expansion  and  below  compressbn.  The 
initial  compression  shown  at  the  beginning  of  each  test  is  due  to  the  applied  working 
load.    Cf .  Section  VIII  paragn^h  26,  Fig.  33,  and  Sectian  X,  paragraph  6a. 
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Siliooa 

1 

1 

aao 

aM 

0.W0 

ao2i 

ao8 

1 

lA 

a  18 

aM 

a  015 

0.028 

aoi 

1 

IB 

a  21 

a54 

aoi2 

a025 

ao4 

14 

14 

a  10 

a73 

0.028 

a084 

ao8 

es 

05 

a  18 

a4o 

0.011 

ao86 

ao4 

es 

«»-l 

aao 

a4i 

0.010 

ao88 

ao6 

es 

05^ 

au 

a42 

aoo6 

a029 

ao4 

08 

68 

ai2 

a67 

a  010 

a022 

ao2 

a 

RiTeto 

aoo 

aoo7 

0.080 

.... 

M 

Riyels 

ail 

.... 

a084 

aoo4 

.... 

TAB£B  9.-^IBANSVBBSB  AND  TBN8IOH  TB8TS  OF  CAST  I&OH 


Colanm  Test 
No. 

Spednifln 

Modolos  of  Rnptort, 
Lb.  per  8q.  u. 

^Ultimate  Tensile  Strangtb, 
Lb.  per  8q.  In. 

0 

T-0 

47800 

28880 

10 

T-10 

45800 

28470 

11 

T-11 

4S500 

28800 

27 

T-a7 

64700 

20700 

47 

T-47 

28060 

OS 

T-«2 

80100 

28800 

•noA 

ICIA 

17800 

114  and 

ICIB 

88400 

18800 

116 

ICIC 

80200 

moo 

do 

9CIA 

45500 

20800 

do 

aciB 

46300 

21700 

do 

2CIC 

45700 

21600 

♦Tenatontpedmena  cat  frt)m  ends  of  tryigrgrBoipedinena  after  teit. 
^'^     *       1  eot  from  diqilioate  test  eotamn* 


TAB£B  10.— OHBKICAI.  ANAI.YSIS  OF  CA8T  DON 


Coiomn 
TwtNo. 

*^r 

Carbon 

Ifantaneee 

PiMiphoras 

Sol^linr 

SiUoon 

Graphite 

0 
10 
11 
27 
62 

T-8 

T-27 
1V« 

a  01 
a67 

a47 

a5o 

a57 
a57 

aooo 
aooo 

a087 

aooo 

a082 

L80 
LOO 

X66 
2.77 
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TABUB  ll.--raB8T8  OF  POBTIiAND  GEICBIIT 
By  Bureau  of  Staadards'  Waahin^ton  Laboratory 


DATE  OF  RBPOBT 


SepUBib6r98,m« 


Deo.lfl^ 
1010 


SAMPLE  No. 


B-1       B-a 


12» 


Spedfio  Oiavity: 

AsBeceiTed 

After  Ignition 

Finenees: 

Passing  UO-Mesh  Sieve. 

Passing  aoO-Mesh  Sieve 

Tensile  Strength.  Lb.  per  Sq.  In, 
Neat,  7  Days. 

Neat,  28  Days. 

1  Cement:  8  Sand— 
7  Days 

28  Days 

Time  of  Set,  hr.— min.: 

Initial 

Final 

Soundness:  Pats— 

38  Days  in  Air 

38  Days  in  Water 

6  Hr.in  Steam 

Water  Used: 

Neat •. 

1:3  Mortar 


^.^ 


7-30 
ll-oO 


O.K. 
O.  K. 
O.  K. 


7-15 
11-80 


O.  K. 
O.K. 
O.K. 


7-30 
11-66 


O.K. 
O.K. 
O.K. 


SSI 


587 
045 
004 
090 
040 
575 


182 
207 
213 
336 
835 
330 


7-10 
11-46 


O.K. 
O.K. 
O.K. 


25.0 

ia7 


3.08 
3.16 


080 
S27 
577 
545 
070 
705 


228 
243 
830 
840 
200 


7-20 
11-40 


O.K. 
O.K. 
O.K. 


S?! 


3.10 


3.12 


07.4 
78.5 


622 
554 

070 
715 
800 
700 


121 
177 
200 
366 
380 


7-30 
11-60 


O.  K. 
O.  K. 
O.K. 


25.0 
10.1 


78.1^ 


736 
575 
587 
725 
676 
666 


103 
247 
238 
366 
380 
330 


7-26 
11-00 


O.K. 
O.K. 
O.K. 


36.0 

la? 


3.17 


00.2 
75.0 


436 
510 
426 
740 
626 
676 


180 
140 
105 
376 
380 
840 


7-0 
10-10 


O  K. 
O.K. 
O.K. 


23.0 
ia3 


^Portland  cement  oeed  in  plpeodmnn,  Test  No.  13. 
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TABIiB  12.— TBSre  OF  PORTLAND  GEMBMT 
By  Bureau  of  Standards'  Pittsburg  Laboratory 


341 


DATE  OF  BEPORT 

May  1, 1017 

June  19. 1017 

Nov.  19, 1918 

SAMPLE  No. 

H-1 

H-2 

H-3 

H-5 

H-6 

H-7 

H-8 

Speciflo  Orayity: 
As  Received 

3.15 
3.16 

516 
5a5 
521 
725 
735 
650 

100 
208 
245 
368 
371 
376 

7-0 
Over 
lObrs. 

O.K. 

10: 5^ 

3.18 
8.18 

508 
550 
510 
750 
688 
681 

204 
242 
223 
282 
332 
345 

7-0 
Over 
lOhrs. 

O.K. 

8.18 
8.10 

605 
685 
650 
700 
600 
776 

261 
260 
260 
322 
326 
340 

7-0 
Over 
lOhrs. 

O.K. 

laSI 

8.10 

8.11 

8.U 

3.12 

Ar^Tgpiti^n,^ 

Fineness: 
Pfwsing  lOO-Mflflh  fl»«»vA  .  - 

621 
474 
530 
585 

600 
570 

203 
225 
212 
315 
831 
382 

Over 
Ihr. 
Over 
lOhrs. 

O.K. 

loiSi 

450 
521 
543 
661 
575 
691 

205 
225 
239 
849 
881 
352 

Over 

Ihr. 
Over 
lOhrs. 

O.K. 

ia5% 

PMiriTie  200-M^h  ^l^v^ 

78.8% 

78.6% 

Tensile  Strength,  Lb.  per  Sq.  In.: 
Neat,  7  Di^sV. ^.... 

Neat,  28  Days 

1  Cement:  3  Band— 
7  Days 

300 
260 
300 
410 
430 
400 

3-50 
8-80 

O.K. 

310 

28  Days. 

300 
306 
440 

Time  of  Set,  hr.— min.: 
Initial 

470 
460 

3-50 

Wtf^l-.,,. ,   

9-0 

Boondness:  Pats— 
6  Hr.  in  Steam 

O.K. 

Water  Used: 
Neat 

1:3  Mortar 
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TABUB   18.— TB8T8  OF  POBTLAKD  GBICBNT 
By  B.  W.  Hunt  Sc  Company 


DATE  OF  REPORT 


lCS72,m7 


SAICPLE  No. 


H-l 


H4 


B^ 


Specific  Qravity: 
AsRcoeiYed 

Finciioss: 

Passing  lOO-Mesh  Sleye 

Passing  200-Me6h  Sieve 

Tensile  Strength,  Lb.  per  Sq.  In. 
Neat,  24  Hr 

Neat,7day8 

Neat,  28  Days 

1  Cement,  3  Sand: 
7  Days 

28  Days 

Time  of  Set,  hr.^min. : 

Initial.... 

Final 

Soundness:  Pats— 
6  Hr.  in  Steam 

Water  Used: 

Neat 

l:8Mortar 


3.14 


?S:Jt 


305 
320 
335 
600 
MO 
700 
700 
730 
765 


310 
380 
335 
410 
880 
405 


5-45 
8-05 


O.K. 


23.Q 
10.  a 


8.18 


M.0 
7&0 


856 
380 
350 
625 
640 
700 
700 
765 
725 


380 
310 
345 
385 
395 
410 


5-40 
S-0 


O.K. 


28.0 

las 


8.13 


77.2% 


345 
330 
300 
075 
650 
095 
606 
710 
725 


300 
320 
835 
410 
400 


5-40 
8-10 


O.K. 


23.0% 
10.8% 


TABUB   14.— OHEMICAI.  ANALYSES  OF  SANDS 


SAND 

Insdable 

in 

Acid 

AlsO, 
and 
Fe.O, 

CaO 

MgO 

CO, 

•Loss 

on 
Ignition 

Fox  River 

54.51 
5X10 
96.66 
97.98 
64.70 
98.18 
96.03 
83.53 
87.69 
85.45 
91.30 

L34 
1.19 
a58 
a96 
L66 
a66 
1.68 
ft.  69 
5.88 
5.60 
5.18 

14.90 
1&46 
a  14 

ao4 

17.03 

ai6 
a  17 

8.81 
2.17 
2.35 
0.09 

8.24 
a97 

ao6 
ai8 

L84 
0.12 

aoo 

1.21 

a98 

1.02 

a5i 

21.22 
23.06 
0.11 
a25 
15.68 
a  18 

a25 

3.30 
1.95 
2.29 
a22 

joUet 

Heramee  Rl  ver 

I-4TUf  Island 

*********** 

Pftleershind 

PInm  Island 

Cambridge 

0.97 

Coarse  lai:e 

8.68 

Fine  lake 

2.28 

Beaoh. 

2.79 

Bank 

0.54 

*Not  including  COi. 
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TABLE   17.->MOBTAB  STBENGTH  TBSTS  OF  CONGBBTE   SANDS 
Proportion:    1  part  Tidewater  Portland  cement,  3  parts  sand  (by  weight) 
Test  specimens  stored  in  water.    Each  result  is  the  average  of  three  tests. 


Days 

Tensile  StraDgth, 
Lb.  per  Sq.  Di. 

SAND 

Water 

Comniessive  Strength, 
Lb.  per  Sq.  In. 

Fox  River 

lao 
lao 

12.0 
12.0 
13.5 
13.5 
13.0 
13.0 
11.0 
11.0 
12.0 
12.0 

28 
28 
28 
28 
28 
28 

283 
437 
397 
379 

in 

346 
178 
308 
245 
412 
258 
209 

3390 

Fox  River 

4980 

JoUet 

1347 

JoUet 

2920 

Mflramm  Rivnr.     . 

921 

ICfiramAc  River 

1540 

Long  Island- , 

954 
1910 

Peleelsland 

763 

Pelee  Island 

8320 

PUi^n  Inlands . r .  r . 

1600 

pifiTfi  Island ....T, 

1621 

TABLE  18.— CHEMICAL  ANALYSES  OF  COABSE  AGGBEGATES 


AQOREOATE 

Insolnble 

in 

Add 

Silica, 
Solu- 
ble 

AUO, 
and 
R«Ot 

CaO 

llgO 

CO, 

SOt 

Loss^ 

Chicago  limestone 

&00 
21.28 
96.06 
8S.08 
97.31a 
96.59b 
90.88 
84.63 

a'24" 
0.SO 

aa4 

a44 
a82 

2.36 
&22 

99.16 
88.30 
Trace 
1.05 

20.40 
16.29 
Trace 
L9S 

4&35 
35.70 

"None* 

1.00 

JdUetgra^^ 

L16 

Iferaipeo  R-  uraviJ 

a92 

New  York  timp  rock 

RocAiHirt  granite. , 

OfevfilATid  sandstone. . ...  -r ...... . 

Wa?d  coal  cinders^  -t 

a  13 

1.48 

a62 

7.48 

a41 
L63 

0.25 
2.85 

**i66*" 

0.03 

6.97 

Westfldd  tian  rock 

a  19 

*  Other  than  CO|. 

(a)  Sofaible  content  too  small  to  warrant  farther  analysis.   Tests  indicate  a  normal  granite. 

(b)  Normal  sandstone. 

TABLE  19.— PHYSICAL  PBOPEBTIBS  OF  COABSE  AGGBEGATES 
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TAB£B  21.— OOMPBBSSIVB   STBBNGTH  AND  MODUI.XX8  OF 

EliASnCITT  OF  CONCBBTB  IK  COIiUlOro 

AND  OOVEBINGS 


No. 

Kind  of  Concrete 

Days 

cent 
Water 

Ultimate 

Lb.  per 
Sq.in. 

ModntoofElastfcttF, 
Lb.  per  8q.  la. 

Unit  Stress 

450 

650 

830 

22-1 

1:2:4  ChioBSoUmestone 

do 

28 
20 
407 
407 
28 
28 
438 
438 
28 
28 
439 
439 
25 
25 
452 
452 
20 
20 
456 
456 
28 
28 
434 
434 
20 
20 
521 
821 
28 
28 
528 
838 
28 
820 
28 
514 
28 
520 
28 
521 
20 
20 
414 
414 
82 
38 
806 
806 
20 
20 
482 
458 
28 
27 
480 
480 
20 
» 
49) 
488 
28 

i 

28 
28 
488 

"iii" 
12.1 
12.1 
12.1 
12.9 
12.9 
12.9 
12.0 

"ill" 
12.7 
13.1 
UL7 
ULO 
11.8 
1X0 
1L8 
12.7 
1X7 
12.2 
12.2 
12.6 
12.6 

lae 
lao 

"ii'i" 

12.8 
12.8 
UL8 
18.0 
18.4 
13.0 
18.4 
18.8 
12.6 
13.8 
12.6 
13.7 
15.2 
13.7 
15.2 
13.3 
1X9 
13.8 
12^ 
IXT 
1X9 
1X7 

912 
1019 
1888 
1780 
2936 
3308 
3880 
3470 
1738 
1647 
2370 
2213 
1489 
1728 
1956 
2273 
1265 
1676 
1574 
1881 
2037 
1778 
8182 
2743 
1010 
1862 
1686 
2114 
704 
780 
922 
9S5 
1406 
2485 
1465 
2963 
1654 
2736 
1493 
2042 
2086 
2168 
2861 
1880 
1284 
1618 
1640 
1468 
1865 
U82 
1486 
1818 
1100 
1042 
1943 
1216 
718 
677 
794 
678 
811 
614 
062 
800 

981 

22-2 

22-3 

do 

2,060,000 
2,390^000 

2,400,000 
2,400^000 

^780^000 
3^310,000 

22-4 

do 

28-1 

do 

28-3 

do 

28-2 

do 

"i^miwr 

"i^iaoiim" 

^400^000 

28-4 

do 

28A-1 

do 

28A-3 

do 

28A-2 

do 

4,300^000 

8,00(^000 

^560^000 
8,800^000 

28A-4 

do 

38-1 

do 

33-3 

do 

33-2 

do 

2,600,000 
4^000,000 

2,300^000 

LOOOlOOO 

83-4 

do 

8,860t00a 

88A-1 

do 

38A-3 

do 

83A-2 

do 

|880^O0O 

2,680,000 
8,100^000 

'Tiw^'ooo*" 

^980^000 

88A-4 

do 

70-1 

do 

70-3 

do 

70-2 

do 

?750t000 

8,950,000 
?730tO0O 

s,8oo^ooa 

8,4KVO0O 

70-4 

do 

72-1 

do 

72-3 

do 

72-2 

do 

3^780,000 

3^800^000 

2,250^00a 

72-4 

do 

74-1 

do 

74-3 

do :;:.:::;::;:::::.. 

> 

74-2 

do 

t^ss 

7oaooo 
i,i«5ooo 

400^  ooa 

74-4 

do 

101-6 

do 

101-« 

do 

7,9»,000 

8,900^000 

^QBO^OOO 

102-1 

do 

102-2 

do 

4^050,000 

8,780^000 

8^740^  ooa 

111-1 

do 

111-2 

do 

8^000,000 

4»82(VO0O 

i'is^ooa" 

112-S 

do 

1124 

do 

"i'oiiW 

8,400^000 

8^380^000 

19-1 

l:3*.6Clik»goUiiieetone 

do 

l»-2 

**     ' 

'* 

10-3 

do 

8»  880^  000 

8,160^000 

'Xw^oofiT' 

1^120^000 

10-4 

do :::::.::;:;::::::: 

85-1 

do 

85-3 

do ::::::::::::::::;: 

85-2 

do 

8,3?Q^O0O 

4»on^ooo 

2,940^000 
8,780^000 

I^SS 

85-4 

do 

41-1 

do 

41-3 

do 

41-2 

do 

ISiiSS 

3^880^000 
2,450^000 

2,800^000 
2,20^000 

41-4 

do : 

42-1 

do 

42-8 

do 

42-2 

do 

IllStSS 

3,180^000 
2,000,000 

8,180^000 

42-4 

do 

56-1 

do 

56-8 

do 

.           ■•• 

56-2 

do 

llfegS 

4KVO0O 

65-4 

do 

... 

80-1 

do 

50-8 

do 

80-2 

do 

1,280^000 
1,28^000 

"  ii^doo 

VOQ^OOO 

50-4 

do 

57-1 

do 

57-3 

do 

••i;oio:666- 

57-2 

do 

900^000 

380^000 
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TABUB  91.--0O]CPB8SaiVS  SXBWraTB  AlffD  MOBTTI^US  QW^ 

BliASnCITY  OF  CONGBBTE  D?  COLTJIQIS 

ANP  COVBBDflrCHi— Oontdnued 


Cylin- 

k 

Kind  of  ConcreM 

Days 

Per- 
cent 
Water 

XJltiniate 
Stress, 
Lb.  per 
Sq.E. 

Modnlos  of  Elasticity, 
Lb.  per  8q.  In. 

Unitetress 

450 

650 

860. 

57-4 
76-1 

1:3*.5  Chicago  limestone 

488 

88 

88 

88 

88 

28 

88 

682 

682 

28 

28 

416 

416 

28 

28 

418 

410 

28 

28 

437 

437 

28 

28 

446 

446 

80 

80 

604 

604 

28 

28 

608 

608 

28 

28 

466 

466 

27 

27 

400 

400 

28 

28 

461 

461 

28 

28 

448 

448 

2S 

28 

468 

468 

28 

641 

2S 

616 

33 

627 

80 

80 

418 

416 

28 

28 

416 

416 

88 

488 

12.8 
13.7 
13.7 
13.7 
13.7 
13.9 
13.9 
18.9 
13.9 

"iiT" 

13.6 
18.1 
13.6 
12.2 
12.0 
12.2 
12.0 
12.6 
12.7 
12.6 
UL7 
11.2 
11.1 
11.2 
ILl 
13.9 
13.9 
13.9 
13.9 
146 
14.6 
14.6 
13.8 
13.7 
13.0 
13.7 
13.0 

"iao" 
ia3 
lao 
ia3 

13.2 
13.2 
11.0 
11.0 
ILl 
ILl 

"ixi" 

UL6 

1040 
628 

ss 

608 

767 
818 
820 
946 
1028 

] 
1 
] 
1 
] 
] 

: 
: 
] 
] 

1 

j 
noi 

1707 
1780 
2180 
2300 
1418 
1641 
1658 
2082 

m 

678 
874 
986 
780 
1012 

190^000 
840^000 

1,660.000 

1,000^000 

7^2 

24a  000 
96^000 

77-1 

77-2 

i(xm 

... 

106-4 

106-2 

^.^z 

k^Z 

106-3 

1,000^000 

lft-1 

swYorktrsp 

lft-2 

16-3 

tl^z 

^astss 

'■sstss 

16-4 

18-1 

18-2 

18-3 

ki^z 

^600^000 

i,t^Z 

18-4 

29-1 

2»-3 

20-2 

if&iZ 

^SSoS 

l^Z 

20-4 

86-1 

86-3 

86-2 

1^100^000 

2;  900^  000 

isstss 

8^ 

87-1 

87-3 

37-2 

*88t8S 

630^000 

^sstss 

37-4 

40*1 

40-3 

40-2 

Hit 

2,960^000 
8,480^000 

3,  lav  000 

40-4 

46-1 

46-3 

46-2 

kVkZ 

1,700,000 
2,61(^000 

2^800^000 

46-4 

60-1 

60-3 

60-2 

2»  510^  000 
^945  000 

1,630,000 

1,200^000 

MM 

71-1 

71-3 

71-2 

do 

1,000^000 

1,070,000 
400^000 

230^000 

71-4 

do 

73-1 

do 

78-3 

do 

73-2 

do 

4,'i86;'6d6 

8,000^000 

3,960,000 
4,060^000 

3,720^000 
3;»Q^O0O 

73-4 

do 

1/n 

do 

do.....:.:::;::.:::::::.: 

, 

76-2 

do 

2^790^000 

k'l^^ 

2^700,000 

76-4 

do 

101-3 

do 

101-4 

do 

4,860,000 

4,480^000 

4,00^000 

102-A 

do 

108-6 

do 

3,000^000 

8,080^000 

3,076^000 

101-1 

do 

104-2 

do 

8,900^000 

3,510^000 

2,880^000 

20-1 

13-.5  New  York  trap 

do 

20-2 

20-3 

do 

8;  TOO,  000 

940^000 
880^000 

460^000 

20-4 

do 

21-1 

do 

21-2 

do 

21-3 

do 

600,000 
900^000 

620^000 

21-4 

do 

260^000 

64-1 

do 

64-2 

do 

1,880,000 

1,860,000 

630,000 
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TABXA  dl.>-OOianEtS08IVB  BTBBNGIH  AND  HODTTIATS  OF 

BI«A8TXCITY  OF  CONOBETB  IN  COLXJ1CN8 

AND  COVEBINGS— Oontintted 


15-3 


1(»^ 


l:3-w4  Roekpoft  granite 

do , 

do 

do , 

do , 

do. 

do ,.., 

do 

do 

do 

do 

do 

do 

do , 

do , 

do , 

1:3:5  Roekport  granite 

do 

do 

do 

do J 

do 

do 

do 

do 

do 

do , 

do 

do 

do , 

do , 

do , 

1:3:4  Cleyeland  aftndstone. . 

do 

do , 

do , 

do 

do 

do 

do 

do 

do 

l-Ji'A  Cleyeland  siodstone. . . . 

do 

do 

do 

1:3:4  JoUet  grmyal 

do 

do : 

do 

do 

do 

do 

do 

do. 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 


dulosofElastidty, 
Lb.  per  Bq.  In. 

Untt  Stress 


80 

1478 

30 

1181 

407 

1773 

407 

3816 

39 

13.0 

1638 

39 

11.6 

1808 

4S8 

13.0 

3311 

4S8 

11.6 

1908 

38 

13.7 

853 

38 

10.7 

1638 

466 

18.7 

1157 

466 

10.7 

1888 

38 

13.0 

998 

533 

13.0 

1646 

33 

13.3 

1017 

637 

13.3 

1476 

38 

13.6 

919 

38 

13.5 

631 

487 

13.6 

1063 

487 

13.5 

1068 

38 

11.6 

734 

38 

1L6 

060 

609 

11.5 

1356 

609 

11.6 

1078 

39 

14.0 

739 

39 

14.0 

708 

486 

14.0 

924 

486 

14.0 

688 

39 

14.1 

688 

39 

14.1 

833 

607 

14.1 

877 

607 

14.1 

1379 

80 

14.0 

3040 

80 

14.3 

1988 

501 

14.0 

3828 

501 

14.3 

3531 

39 

14.0 

746 

39 

14.0 

1856 

460 

14.0 

3138 

460 

14.0 

3658 

33 

14.9 

1536 

527 

14.9 

3730 

39 

14.7 

1418 

39 

14.7 

661 

459 

14.7 

1663 

459 

14.7 

1043 

37 

11.3 

3866 

37 

11.3 

1704 

408 

11.3 

3100 

408 

11.3 

3623 

38 

1070 

38 

1193 

405 

3177 

405 

1308 

38 

768 

38 

1908 

440 

808 

440 

3690 

39 

10l8 

1080 

39 

10l8 

1890 

451 

10l8 

1873 

451 

10l8 

1731 

38 

11.0 

1401 

530 

11.0 

3408 

38 

ILO 

1730 

514 

ILO 

3961 

3,800^000 
3,470^000 


3,800^000 
3,160^000 


3,060^000 
3,680^000 


3»  63(^000 


8»  160^  000 
^380^000 


3,400^000 
3,760^000 


1,480^000 
1,480^000 


3,170,000 
3,370^000 


1,410,000 
1,330^000 


1,48^000 
1,430^000 


3,870^000 


4.130,000 
880,000 


3»  080^  000 
8,630^000 


8,380^000 


3,850^000 
8^240^000 


8,360,000 
3,600,000 


3,810^000 


4,880^000 


660 


^730^000 
^640^000 


a;  670^  000 

3,900^000 


1,75^000 
2^670^  000 


8^100^000 

'sC486^'666' 


1,800^000 
1,860^000 


1,960^000 

a;  480^  000 


1,130^000 


1,300^000 
8^230^000 


1,410^000 
1,880^000 


1,890^000 
1,360^000 


3,030^000 


3,040^000 
730^000 


3,100^000 
8,580^000 


8,670^000 
3,940^000 


1,560,000 
8,310^000 


3,000,000 
8,220,000 


8,750^000 

'i'8?i666* 


l^ 


000 
000 


2,890^000 
2^550^000 


%s 


,560^000 

Xw'ooo" 


3,380^000 


1,850^000 
1,880^000 


1,660^000 
2^380^000 


750^000 


640^000 
3»  00(^000 


1,410,000 
1,80^000 


1,380^000 
1,370^000 


1,670^000 


8,05a  000 
600^000 


3»  180^000 
8, 400;  000 


8,470^000 
3,02a  000 


620,000 
3,30^000 


3,84^000 
8»  18a  000 


8,60a000 

'Visa  666" 
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TABLE  ai.-<X>KPBBS8iyX  STBBVeRES  ANB  XOBUIJJ8  Off 

BIAHTWITY  OF  CONCBBTE  IK  OOIiUUNS 

AND  COVEBINOS— Concluded 


No. 

Kind  of  Concrete 

Age, 
Daya 

Pfer- 

cent 
Water 

tJltlmate 

Modulus  of  Elasticity, 
Lb,  per  Sq.  In. 

UnltStnss 

460 

060 

860 

iia-1 

1:2:4  Joliet  grayel 

2B 

521 

28 

28 

437 

25 

25 

447 

447 

28 

521 

28 

28 

406 

408 

20 

20 

504 

504 

32 

32 

498 

498 

28 

28 

447 

447 

28 

28 

492 

492 

30 

30 

494 

494 

32 

527 

28 

28 

534 

533 

9.7 
9.7 

"\\/%" 
12.3 
1L8 
1X3 

ia7 
ia7 

'*2i*9" 
22.9 
22.9 
22.9 
17.3 
18.5 
17.3 
18.5 
22.1 
22.4 
22.1 
22.4 
22.3 
22.3 
22.3 
22L3 
29.1 
29.1 
29.1 
29.1 
22.9 
23L9 

2004 

2978 
20GB 

1220 

2580 

1721 

2050 

1987 

2707 

2374 

1719 

2952 

071 

1307 

1691 

2072 

496 

728 

970 

977 

028 

759 

950 

790 

949 

907 

1335 

1258 

901 

914 

929 

879 

300 

492 

035 

091 

797 

1313 

2397 

1312 

3880 

4180 

118-2 

do 

4,290,000 

4,'io6,6d6 ' 

4;i46,6q6 

8»-l 

1 :2:4  Merameo  R.  grsTel 

do 

30-3 

39-2 

do 

8,450,000 
3,550,000 

8,500.000 
3,500,000 

3,430,000 

89-4 

do 

3,430,000 

45-1 

do 

46-3 

do 

45-2 

do 

4,600,000 
3,870,000 

4,370,000 
8,920,000 

4,040,000 
3,900,000 

45-4 

do 

vSl 

do 

112-4 
17-1 

do 

1:1H:4H  Hard  coal  oindera. . 

3,310,000 

3,510,000 

3,600,000 

17-2 

17-3 

do 

1,730,000 
1,900,000 

}'SS2'SS2 
1,770,000 

1,830,000 
1,670,000 

17-4 

do 

32-1 

1:2:5  Hard  coal  dndere 

32-3 

33-2 

do *. 

1,080,000 
1,260,000 

900,000 
1,000,000 

700,000 
610,000 

32-4 

do 

32A-1 

do 

32A-3 

do 

32A-2 

do 

900,000 
760,000 

720,000 
580,000 

600,000 

32A-4 

do 

47-1 

do 

47-3 

do 

47-2 

do 

\^Z 

£,060,066'* 

1,000^000 

'  97d;66o  " 

890;  000 

47-4 

do 

52-1 

do 

52-2 

do 

52-3 

do 

1,140,000 
1,300,000 

920,000 
920,000 

580,000 
460,000 

52-4 

do 

53-1 

do 

53-3 

do 

53-2 

do...;;;;;;;::;;;;;::;::; 

1,190,000 

53-4 

do 

870,000 

104-5 

do 

104-6 

do 

1,340,000 

1,280,000 

1,190,000 

12-1 

l:m:3  Wflstfieldtr^p 

12-2 

12-3 

do 

3,520,000 
4,880,000 

3,370,000 
4)460;  000 

3,270,000 
4,130,000 

12-4 

do..... 
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TAB£B  22.— OOMPBESSIVB   8TBBNGTK  AND  MODUUTS  OF 
BI«A8TZOXTY  OF  COHOBBTB  IK  HBAD  PSOTBOTIONS 


Cylln- 

Kind  of  Cooorata 

Dayo 

oent 
Water 

Ultimate 

Modulus  of  Elastielty, 
Lb.  per  8q.  In. 

No. 

UnltStress 

450 

660 

850 

4»-l 

1:2:4  Chicago  limestone 

do 

28 
28 
480 
480 
20 
20 
404 
404 
27 
27 
602 
602 

600 
602 
20 

20 

497 

407 

28 

28 

620 

28 

28 

620 

624 

824 

28 

28 

480 

480 

28 

28 

402 

402 

27 

27 

496 

496 

28 

28 

403 

403 

28 

28 

480 

480 

30 

30 

404 

404 

S 

406 

496 

28 

28 

638 

638 

20 

28 

682 

632 

28 

28 

638 

638 

28 

28 

600 

600 

112 
1L2 
1L2 
11.2 

ia6 
ia6 
ia6 
ia6 

0.8 
9l8 
0.8 

J? 

0.7 
9l7 
0.7 
10.0 

lao 
lao 
lao 

Ol6 
Ol6 
Ol6 
1L2 
1L2 
1L3 
1L2 
1L2 
1L6 
11.6 
1L6 
1L6 
11.2 
1L3 
11.2 
1L2 
ILl 
11.1 
ILl 
ILl 
10.3 

lao 
las 
ia3 
lao 
lao 
ia6 
ia6 

0.8 
0.8 
9l8 
0l8 
13.4 
13.4 
13.4 
13.4 

ia6 
ia6 
ia6 
ia6 
ia7 
ia7 
ia7 
ia7 

0.8 
0l8 
9l8 
9l8 
&7 
8.7 
&7 
8.7 

1473 
1610 
2873 
2178 
900 
902 
1066 

^ 

3110 
4096 
4000 
2120 
1061 
3187 
2813 
1874 
1608 
2400 
2041 
2068 
1047 
2900 
1088 
2197 
3131 
2382 
2827 

061 
1736 
1368 
2307 

881 
1324 
1731 
1613 
1400 
1380 
2176 
1872 
1946 

2873 
2400 
1306 
1600 
2212 
2233 
1307 
1408 
1606 
1930 
841 
046 
1172 
1283 
1128 
1366 
1901 
1728 
1306 
1408 
1663 
2076 
1721 
1601 
2800 
3706 
2162 
2021 
3232 
3006 

40^ 

4»-a 

do 

ISS^SSS 

6,000,000 
3,320,000 

ll^Z 

40-4 

do 

(SO-1 

do :.::..::::::::::: 

50-a 

do 

(SO-3 

do 

2,170,000 
3,780;000 

1'22'SS 

2^870,000 

830,000 
3,2?  000 

60-4 

do 

«04.1 

do 

«M-4 

do 

*04-3 

do 

8,810,000 
4,230,000 

7,040,000 
4^060,000 

7,680,000 
4,060,000 

«54-3 

do 

06-1 

do 

do 

0(-4 

66-2 

do 

t-SS:SS 

6^900,000 
4,060,000 

6,830^000 
3,770^000 

66-3 

do 

60-1 

do 

60-3 

do 

6(^2 

do 

^,iS;!SS 

3,880,000 
6,620^000 

3.750.000 

60-4 

do 

^OQOIOOO 

A-1 

do::;;;::;:::::;::::::::: 

A-d 

do 

A-2 

do:::::::::::::::;::::::: 

4,040,000 

4,000,000 

3,810,000 

B-1 

do 

B^ 

do 

B-2 

do 

4,000,000 
3,400,000 
4,100,000 

3^420;  000 
4,070,000 

3,300,000 
4,000,000 

B-4 

do 

B-A 

do 

48-1 

1:3:6  ChicAgo  limestone 

do 

40-3 

40-2 

do 

3,760^000 

2,710,000 
?,710;000 

3,400^000 

40-4 

do::;;;.................: 

3,670,000 

68-1 

do 

62^ 

do 

68-2 

do 

4,680,000 
{900;000 

4^260,000 
2,770^000 

ISStiSS 

62-4 

do 

63-1 

1:2:4  N«ir  York  trap 

do 

63-2 

63-3 

do 

IVSi^ 

2,480,000 
3^770^000 

|S8:SS 

63-4 

do 

^A'l 

do     . 

*67A~2 

do:::;:;:::::;:::::;;::;: 

*67A-3 

do 

"i^iioim" 

4^060^000 

6,480,000 

^A-4 

do 

1,780,000 

40-6 
40-7 
40-6 

1:2:4  Rockport  granite 

do 

do 

S;%SS 

4,330,000 
3,400,000 

3,640,000 

40-6 

do 

^ooolooo 

66-1 
66-4 

do 

do 

60-2 

do 

3,680,000 
4,080,000 

3,060,000 
4,000,000 

3;  870, 000 

66-3 

do 

3,600,000 

60-1 
60-4 

1:3:6  Rockport  granite 

do                          . 

* 

do 

|SS:SS 

^00?,  000 

1,670,000 

do 

1,770,000 

I*2r4  JfJiet  srAvid. 

do      

do 

^,800;000 

3,330,000 

3;60o;ooo 

r^z 

do 

do             ;     ; 

do        

do 

3,460,000 
1^930,000 

3,380.000 
8,380,000 

8,100,000 

do 

8,430,000 

1:2:4  Merameo  R.  grayel 

do 

do 

6,080,000 
8,040,000 

4,600,000 
3,000:000 

4,3301000 

do  :;:::::;;::::;;:;:;:; 

8,060,000 

do                                     

do      

do 

8,100,000 
6.080,000 

6,  no,  000 

^360,000 

6,000,000 

do 

4;ioS;ooo 

^Hme  of  mixing,  3  min.    For  all  other  cylinders  time  of  mizinf  was 
CyUnder  No.  64^  failed  on  third  appUoation  of  mailmnm  load.  No. 
imumioad. 


was  1  min. 

64-3  on  second  appUcatkm  of 
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SAinpleNo. 


QitfoUUBe 


H  jdrsted  Lime 


Cluaiical  AnilTBls: 
Iinpqiltiflt  (SiOt  and  BtOi). 


aO 

MgO 

Lon  on  Ignition . 

COtAvenga... 


Roiidtie  on  No.  308ieT«,  Sample  Slacked  and  Washed 

Through 

Bfliidiie  on  No.  80  Sieve,  Original  Sample  Dry 

Betidae  on  Na  300  Stove,  Sample  Wasned  ThrouMh. . 

Soandnen:  Pato— 
6  Hr.  in  Steam 


1.78% 
88.08 

i.ao 

&22 


i.ro% 
86.53 

&23 


l.«% 

60.60 

1.87 

S7.08 


1.81% 
00.60 

LS7 
r.07 


0.M 


1.26 


4.80 


4.4 

8.07 


TABLB  94.-JXB8TS  OF  CALOINBD  0TPSUX 


Western 


Eastern 


Chemical  Analysis: 
IinparitieB(SiOtandBtOi) 

Loss  Below  60*C 

Loss  Between  60*C.  and  Tyrrell  Burner. . 

Time  of  Set: 
Neat,  66  peroent  Water 


^Tensile  Strength:  Lb.  per  8q.  In. 
Neat,  66  peroent  Water. 


1  Oypsmn:  8  Ottawa  Sand,  23  pement  Water.. 


3.66% 
86.77 
52.22 

1.28 

6.67 

More  than 
7hr.;le8s 
than  10  hr. 


2oao 
loao 

102.0 


07.0 
108. 0 
86.0 


2.10% 
36.08 
61.37 

1.12 

8.36 


24  hr. 


BasUy 


No  test 
obcainabto 


176.0 
160.0 
16a  0 


^Mortarsmada  up  with  distiUed  water  and  after  setting  24  hr.  in  air,  were  dried  to  constant  weight  be> 
low  60*C.  and  then  hfofett. 
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TAMIM  M.— OQMFBBMtVX  MBSMOI  OV 


jjn> 


Tmmt 


d-in. 


.PuubrLMnTd 


A^»^ 


Lbwpcr 


S^l 

1  PtrtlvMl  fmwit 

15L7S 

U.7S 
IS.  78 
UL23 
U.M 

18.  JO 
15u33 
Ul33 
Ml  23 
1Il23 
17,79 
17.79 
12.87 
U.87 
11^9 
Ml  20 
l&Sft 
18l50 
MlK 
1SL35 
15l82 
15l82 
l&OO 
l&OO 
1&50 
1&50 
Mia 
19.52 
19.52 
19.52 
19.53 
19.52 
2L15 
3L15 
2L15 
2L60 
2L60 
2L60 
2L60 
8L00 
2L60 
17.30 
17.30 
17.20 
17.20 
17.20 
17.20 
19.00 
19.00 
19.00 
19.00 
19.00 
19.00 
19.02 
19.03 
19.03 
19.03 
19.03 
19.03 

1&86 
1&36 

38 

23 
B2 

2i 

5U 

i 

2i 

2i 

13 

4S7 

2i 

484 

2i 

500 

28 

498 

2i 

501 

29 

499 

38 

38 

38 

S» 

38 

38 

14 

34 

34 

28 

38 

38 

514 

514 

514 

38 

38 

38 

512 

512 

513 

38 

2S 

38 

507 

507 

507 

29 

29 

39 

500 

500 

500 

60 

60 

l/l«Hrfr*fi>i  fiaw 

MVI 

^CimmHkitmad 

33-9 

ilo - 

^^B 

21-4 

do, 

M88 

33-4 

do 

1413 

21-3 

do. 

UK 

23-^7 

do 

33-4 

do. 

2nft 

33-9 

do. 

34-1 

do. 

ism 

34-2 

do. 

24-a 

do. 

1360 

34-4 

do. 

2140 

21-f 

do. 

34-4 

do 

1M9 

35-1 
35-3 

dou ^.. 

do. 

3963 

35-3 
3^-1 

do 

do 

ISlt 
2t80 

33-1 

do 

1655 

35-3 

do 

3035 

3B-3 

do..::::::::::.:.:.:.:.:.:.: :: 

2685 

35-4 

do 

3744 

2T-1 

do 

Mtf 

27-4 

do 

S191 

27-3 

dS::::::::::::::::::::::::::.:.:...:::.:: 

vm 

27-4 

do 

1934 

78-1 

do 

OS 

78-2 

d©:::::   ::::::.:.:.:.:.:.: :.:: 

796 

78-3 

do 

1083 

78-4 

do 

340 

78-6 

do. 

610 

78-4 

do 

790 

78-7 

do 

991 

78-8 

do 

563 

78-9 

do. 

1085 

110-1 

d6 

1455 

110-2 

do 

12Q0 

110-3 

do 

1235 

110-4 

do 

1806 

110-5 

do 

1536 

110-6 

do 

1946 

110-7 

dS::::::: :::::.:.:.:.:.:.:...: :.:: 

1913 

110-8 

do 

1748 

110-9 

do 

1716 

110-10 

do 

2181 

110-11 

S::::::::::::::::.:.:.:.:.: :.:: 

3408 

110-13 

do 

3639 

110-13 

do 

1789 

110-14 

do 

1863 

110-15 

do 

1831 

110-16 

do 

1960 

110-17 

do 

9990 

110-18 

do 

2758 

110-19 

do 

3084 

110-20 

do 

20QO 

110-21 

do 

1710 

110-23 

do 

3838 

110-23 

do 

2756 

110-24 

do 

3348 

77-4 

1  fflnkml  Hmfl                r 

158 

3UFliMUkeMmd 

77-5 

do. 

149 
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TABJM  06.— OGOCTKBSSXVB  IWKBJHWH.  OV  ^ULTTtLR  HO&VJLB 

Test  speciznenfl  2-i2i.  cubes  stored  ip  air 


CotoNo.  . 

Proportion,  Parts  by  Loose  Volume 
ofMatedAlftMUsed 

Percent 
Water 

Age, 
Dajf 

Compressive 

Strength, 
Lb.p^8(|.In. 

1  PnrtlflTKt  cement ...» 

24.00 

24.00 

24.00 

24.00 

27.50 

27.50 

25.00 

25.00' 

27.15 

27.15 

26.00 

26.00 

25.70 

25.70 

28.45 

28.46 

24.46 

24.46 

24.40 

24.40 

M.60 

24.60 

24.60 

22.70 

2L70    ' 

24.80 

24.80 

21.10 

24.10 

28.00 

28.00 

25.90 

25.90 

24.75 

24.75 

25.00 

25.00 

26.60 

26.60 

28.05 

28.05 

28.05 

28.05 

23.50 

23.60 

25.80 

25.30 

28.25 

28.25 

29.50 

29.50 

21.10 

24.10 

2L80 

24.45 

M.45 

2L45 

21.45 

22.65 

22.65 

22.65 

88 

28 
499 
499 

28 
512 

28 
496 

28 
498 

28 
496 

28 
497 

28 
497 

29 
516 

28 
503 

28 

28 
500 
500 

28 
504 

28 
504 

28 
504 

28 
498 

28 
467 

28 
505 

28 
505 

29 

29 
524 
524 

29 
524 

28 
483 

28 
605 

28 
503 

28 
503 
516 

29 
516 

28 
615 

28 

28 
493 

48-1 

1  81mked  ilm^ .  r       t 

966 

4  Bf^nk  or  beech  send 

48-2 

do 

873 

48-4 

do, 

lOiO 

4M 

do 

769       * 

48-5 

do 

768 

48-4 

do 

88S 

49-1 

do t 

421 

49-3 

do 

485 

49-3 

do 

410 

41M 

do 

405 

60-1 

do 

273 

£0-2 

do 

3il 

61-1 

do  * 

886 

51-2 

do 

358 

6l4 

do     

SI 

51-4 

do 

51A-1 

do 

803 

51A-2 

do,. 

313 

53-1 

do... 

446 

53-2 

do 

370 

56-1 

do 

456 

56-2 

do 

399 

55-d 

do » 

!S^ 

56-4 

do  ::::::::::;:;::::::::::::::!":!:::! 

67-1 
57-2 

do 

do .....' 

613 
700 

58-1 

do 

288 

58-2 

do 

378 

58-3 

do 

340 

58-4 

do....... 

348 

58-5 

do..... ; 

58-6 

do 

59-1 

So:::::::::::::::::::::::::::::::::::::: 

395 

50-2 

do 

333 

59-3 

do 

^ 

59-4 

do 

ao-1 

SS::::::::::::::::::::::;::::::::::::.:: 

296 

60-2 

do 

285 

60-3 

do    

360 

60-4 

do 

358 

61-1 

do    

518 

61-2 

390 

61-3 

do 

473 

61-4 

do 

628 

61-5 

do 

415 

61-6 

do 

480 

62-1 

do 

475 

69-2 

do::.:::::::::...: : 

551 

63-1 

do 

318 

63-2 

do::.::::::::....: 

350 

66-1 

do 

310 

68-2 

do 

270 

^ 

do 

285 

68-4 

dS:::::::::::::::::::::::::::::::::::::: 

328 

69-1 

do 

463 

69-3 

dS:::::::::::::::::::::::::::::::::::::: 

318 

6(M 

do 

838 

69-5 

do 

863 

69-d 

do 

940 

6(^7 

do 

653 

69-8 

do 

663 

69-9 

do 

773 
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TABLS  M.<-€XIICPSB88nrB  IflJtMMITIl  OY  CULT  TUS 

Gondiid^d 

T«st  speeimMUl  2-ln.  eobas  stored  In  air 


Pwom 

Watar 

AfM)ay« 

GooptaBrtra 

CnbeKo. 

^f]Stot«ri«l8  as  Used 

L^^?Sq!^ 

69-10 

1  P^i^n4  cwmmit 

2165 

».75 
».75 
2S.75 
28.75 
28.75 
28.75 

26.40 

ao.ao 

26.60 
26.60 

26.00 

20.00 
20.00 

4Bt 

60 
60 
60 
60 
60 
60 

S8 

20 

26 
6B6 

26 

26 
«0 

1  <l|t^5^  lin^ 

70S 

4  Bftnk  <jr  bearii  tand 

TS-l 

do 

405 

4      76-2 

do 

571 

7»-3 

do 

568 

77-1 

do 

880 

77-3 

do 

885 

77-3 

do 

860 

09-2 

I  Portland  cement . ..  r ...    r 

?flKired1irM» r . 

288 

6BankiMind ,..,-.,-...,.-. , . 

61-6 

do 

100 

54-« 

do 

150 

64-4 

do 

216 

54-1 

1  Portland  onioimt . . .  ^ . . ,  - .  -  .  , 

l|Hydrat«dli]iie 

803 

6  Bank  sand 

§4-4 

do 

805 

64-4 

do 

686 

TABLE  90.~OOXPBBS8IVB   STBSNGTH  OF  OYTBUU  VTLLISO 
Test  q>eeim«ns  8  by  16  in.  cylinden 


Cylinder 
No. 

MATERIAL 

Proportions,  Parts  by  Loose 

Vdhime  of  Materials 

as  Used 

♦Per- 

eent 

Water 

Days 

Ultimate 

Krength, 

Lb.  per 

Sq.ln. 

66-1 

Eastern  gypsum  Oiling 

do 

1  Eastern  caklned  gypsum 

1  Fine laVe sand... .  

54.70 

61.20 
61.20 
60.15 
60.15 
60.15 
60.15 
52.20 
52.20 

68.80 

68.80 
68.80 
68.80 
68.10 
68.10 

81 

20 
488 

20 
20 
480 
480 

15 

4  Broken  gypsum  Mocks,  r 

66-5 

do 

81 

66-6 

do 

do 

05 

67A-5 

do 

do 

22 

«7A-e 

do 

do 

17 

do 

do 

105 

G7A-6 

do 

do 

85 

100-8 

Spedmen  collapsed  on  removal 

of  mould  12  days  after  placement . . 

100-4 

106-1 

Western  gypsum  fUSng. ..... . 

do 

1  Western  caldned  gypsum. . .'.... 
1  FInelakesand 

28 

28 
518 
518 

28 
fiOO 

27 

4  BrdkAn  wtMum  blocks 

U»-2 

do 

88 

106-8 

do 

do 

42 

lOft-4 

do 

do 

88 

100-1 

do 

do 

20 

100-2 

do:::::::::::::::::::::::: 

do 

40 

*  Based  an  total  wei|bt  of  dry  materialsin  mixture. 
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PXJL8TBB 
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355 
▲ND 


Cube  No. 

ofiUUclabMUMd 

•PVMDt 

Afl^Days 

ComptiMlva 

Strencth. 
Lb.  per  8q.  In. 

M-l 

1  W«rt«rn  oaldiMd  CTpfom 
9Flii«1a]BeMiMl ; 

21.40 
21.40 
21.40 
21.40 
2B.20 

SS 

22.20 
22.20 

26,50 
2SL50 
26,80 
2SL80 
2SL10 
23.10 
23.10 
23.10 
23.10 
22.85 
22.85 
2185 
22.85 
22.60 
22.60 
22.00 
20.00 
20.00 
20.00 
22.20 
2120 
2120 
2160 
2160 
2160 

17.20 
17.20 

6L00 
OLOO 

80 
80 
523 
623 
26 
26 
26 
582 
582 

26 
26 
29 
804 

28 
28 
28 
520 
508 
31 
31 
31 
497 
27 
27 
480 
27 
480 
480 
28 
28 
515 
515 
28 
515 

60 
60 

60 
60 

220 

M*4 

do 

145 

54-4 

do 

118 

64-6 

S:;;:::;:::;:;:::::;::;;::::::::::::::: 

04 

66-1 

do   

286 

66-2 

do;;;:;::;:;::;::;:::;;::::::;:;::;::::: 

275 

66-3 

do 

275 

66-4 

do:::;::;:::::;:;:;:::::::;;;:;::::.:.:. 

208 

66-6 

do 

214 

66-1 

1  B«it«n  calcined  gjrpiam 

6  liiMlako  nnd ...  x 

43 

66-2 

do 

13 

66-6 

do;:;:;;:;:;;;::;:::::;:::::::;;:::;::;; 

16 

66-6 

do 

35 

67-1 

do;;;;;:;:;;;::;;;::;:::;::::;;::;;:;;;: 

103 

67-2 

do 

105 

67-6 

do:;::;:;:;:;:::;:;:;:::;::::;;:;:;:;:;; 

213 

67-6 

do 

158 

67-6 

do 

160 

67A-1 

do 

215 

66A-2 

do 

130 

67A-6 

do 

188 

67A-6 

S:;;:;:;;:;:::. :.;.;.:.:;:.;.;.:. ;.;.;. 

83 

106-1 

do    

180 

106-2 

do 

201 

106-6 

do 

83 

106-4 

do 

940 

106-6 

do 

180 

106-6 

do::::::;:;;;;;.;.;;;;;;;::;:;;;;;;:;;:; 

172 

106-1 

do 

70 

106-2 

do 

86 

10»-3 

do 

75 

106-4 

do 

180 

106-6 

S;:::::;::;:;;;;:;;;. ;;:;;;:;;;;;;;;;;; 

200 

100-6 

do 

222 

76-4 

6  Ftnff  lftk«  mnd. -T , , , 

443 

76-6 

do 

466 

76-6 

ICaldnodsTptuiii 

2  Hydisted  Uma 

058 

77-6 

do!?^.™.:.;.:::::::;:::::::::::::: 

1029 

^Baaed  on  total  weight  of  dry  materials  In  mixture. 
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TABIS 


TBffFS  OF  maxAB  Aja> 


Test  ^^edmeiis,  1-in.  briqaettes  for  tension  teste  and  S-ln.  eobes 

for  eomprmion  teste  insde  in  laibocwtory.    »seh  ▼sine 

is  the  average  of  three  tests. 


Prcnortkm,  Parts  by  Loose 

Volume  of  Materials  as 

Used 

♦P«r. 
Water 

Method  of 
Storage 

^ 

Stnmcth, 
Lb.  per 
Sq.In. 

Mortar  or 
FlasUr 

Ten- 
sfle 

Cooft. 

Clay  tile  mortar 

2S.0 
2SwO 

2SwO 
3&0 

1   day  In  damp 

doset.  remainder 

of  period  in  water 

do    

7 

7 
7 

28 
28 
28 
28 

28 

28 
866 
866 

7 

7 

28 
28 

28 

28 
865 

365 

2 

2 

2 

2 

28 

28 
366 
365 

28 

28 
365 
365 

67 

72 
65 
97 

U4 
91 

161 

144 

114 
197 
154 

126 

95 
208 
158 

1  fa*]r^  iJmA  

2S7 

A  nanV  «fin<1 

do    

do   wtthbeadisand 

do   with  OtUwa  sand 

do   wlthbanksand 

do   withbeai^sand 

do   with  OtUwa  sand 

do   with  Ottawa  sand 

296 

do    

do    

174 

do    

do 

426 

do    

do    

406 

do    

do 

309 

do    

do    

1  day  In  <iywi^ 
doset,  remainder 
of  neriod  In  air 

848 

do    

do   wlthbanksand 

do   with  Ottawa  sand 

do   wlthbanksand 

do   with  Ottawa  sand 

1  Portlai^d  cemen* 

2S.0 

2S.0 
2S.0 
3&0 

1«.7 

16.7 
WuT 
Wu7 
Wu7 

16.7 
16.7 
Mt7 

22.0 

22.0 

22.5 

22.5 

22.0 

22.0 
22.0 
22.0 

22.5 

22.5 
22.5 
22.5 

do    

328 

190 

do    

do    

442 

do    

do    

1  day  In  damp 
doeet,  remainder 
of  period  in  water 

do    

9S9 

Portlund  '^MTMmt  plastw. . . . 

1/10  Hydratwi  Wnv*    

418 

^Coarse lake  sand 

do    

"do   with  Oitawa  sand 

do   with  coarse  lake  sand.. 

do    with  Ottawa  sand 

do   with  eoarse  lake  sand.. 

do   with  Ottawa  sand 

do   with  coarse  lake  sand., 
do   with  OtUwa  sand 

1  Western  gypsum 

363 

do     

do 

1106 

do     

do    

1   day  in  damp 
doset,  remainder 
of  pmod  in  air 

721 

do     

do     

1010 
616 

do     

do 

1297 

do    

do    

1    day    in    air, 
then     dried     to 
ecmstant    wd^t 
bdoweo^c.^^ 

do 

968 

Western    gypsom    block 
mortar 

3  Ff pe  ifiinft  sand 

do    

do   withOtUwasand 

1  Eastern  gypsum 

Eastern    gypsum    block 
mortar 

do    

3  FinAlAk»«An4l 

do    

do   WithOtUwasand 

1  Western  gsrpsum 

do    

In  air  for  whole 

^' 

Western    gypsum    block 
mortar.. 

3  Fine  lake  sand .  - .  - , . . 

491 

do    

do   WithOtUwasand 

do   with  fine  lake  sand  — 

do   WithOtUwasand 

1  Eastern  gypsum 

343 

do    

do  :::  :  : 

647 

do    

do     

517 

Eastern    gypsum    block 

do     

786 

do    

do   WithOtUwasand 

do   with  fine  lake  sand 

do   WithOtUwasand 

do     

415 

do    

do     

1180 

do    

do     

606 

♦Based  on  total  weight  of  dry  materials  in  mixture. 
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TABLB  81.-^OMPBESSIVS   STBSNGTH  OF  HOLLOW  GLAY  TILE 
Tile  units  are  12  in.  wide  and  12  in.  l<m^y  except  as  noted 


KindofTlUe 

Pwoaity^ 

Percent  of 

Vdume 

Absorp- 
tion, 
Percenter 

WeSit 

How  Tested 

Area 
under 

Load, 
Sq.Iii 

IfaadmnmLoad 

Sample 
No. 

Nominal 

Thickness, 

In. 

Clay 

Total, 

Lb.Der 
Sq.In. 

A-1 
A-2 

2 
2 
2 

2 
2 
2 

4 
4 
4 

4 
4 
4 

SnrliAoe  clay, 
dlsMdt^... 

do 

do. 

do 

do 

40.8 
44.4 

43.1 

42.6 

44.5 
43.7 
41.0 

29.0 
28.5 

«r.8 

28.3 

28.5 

27.7 
26.2 

2^5 

On end 

do 

19.6 

^' 

16.2 
16.  S 
16.2 

25.S 
25.2 
25.2 

16.0 
16.0 
16.0 

44300 
46860 
44650 

45277 

18920 
82110 
22340 

24456 

53000 

57280 
68460 

57913 

20320 
20260 
83190 

27588 

52830 
48400 
62450 

54560 

52450 
58150 
58040 

50213 

134350 
111400 
160880 

2260 
2390 

A-3 

do 

22801 

Average.... 

A-4 

A-5 

Onedgpu 

do 

010 

1170 
1960 

A-6 

do 

1880 

Average.... 
A-16 

On and 

do 

15ia 
2100 

A-19 

do 

do 

84.4 

27.6 

2270 

A-20 

do:;:::::::: 

2520 

Average.... 

A-11 
A-12 

do 

do 

do 

44.2 
42.0 
41.8 

42.9 

28.8 
27.3 
27.9 

28.0 

80.0 
28.6 
31.0 

29.8 

80.8 
82.4 
25.0 

nH 

28.8 
28.0 
29.8 

28.8 

15.5 
15.4 
22.5 

1^8 

18.8 
18.5 
10.9 

17.9 

18.5 
17.6 
18.5 

iTt 

16.0 

28.1 
29.5 
26.0 

27.5 

15.0 
15.0 
14.2 

U.7 

16.0 
15.0 
16.6 

Us 

16.4 
17.6 
12.8 

15.6 

15.0 
14.6 
15.6 

15.1 

7.8 
7.0 
11.2 

8.5 

1' 

8.8 

9.0 
8.6 
8.9 

8.8 

a.4 

On  edge 

do 

2296 

1830 
1270 

A-14 

do 

2070 

AveragOr 

1723 

♦B-6 
*B-8 

2 
2 
2 

Smiiaoeolay, 
Boston 
district 

On end 

do 

9.1 

5800 

5310 

*B-10 

do 

68CO 

A^eraBP.  >■  -  ^ 

5090 

♦B-1 
♦B-2 

2 
2 
2 

do 

do 

do 

On  edge 

do 

11.7 
11.7 
11.7 

4480' 

4970 

*B-4 

da:::::::::: 

49G0 

Averager 

4796 

B-12 
B-14 

4 

4 
4 

do 

do 

do 

On end 

do 

28.4 

28.4 
27.2 

4740 
8920 

B-19 

dS:::::::::: 

5910 

Average.  . . 

185660 

68170 
60760 
66710 

64880 

96350 
U3500 
94280 

4856 

B-11 
B-13 

4 
4 

4 

do 

do 

do 

On  edge 

do.. - 

15.8 
15.8 
14.1 

4460 
4560 

B-17 

dS:::::::::: 

4020 

AvemcB 

4846 

C-6 

2 

2 
2 

Ohio  semi- 
fire  day 
do........ 

do 

On  end 

do... 

14.1 
14.1 
14.7 

6980 
8770 

C-6 

de.v 

6410 

Average,  r  -  - 

106876 

68870 
47040 
46920 

54276 

123610 
IM860 
96060 

7386 

C-2 
C-4 

2 
2 
2 

do 

do 

do 

On  edge 

do.,.. 

11.2 
11.2 
11.2 

6150 
4200 

C-8 

d©:::::::... 

4190 

Average. . . . 

4846 

C-13 
C-14 

4 
4 
4 

do 

do 

do 

On end 

do 

16.7 
17.2 
16.7 

7400 
6090 

O-lO 

do 

5760 

Average 

108170 

58180 
36780 

6416 

C-16 
C-18 

4 

4 

do 

do.  . 

On  edge. 

do 

9.6 
10.0 

6060 
8680 

Average 

47480 

4870 

•Nominal  width  of  tile,  6  in. 
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TABZa  31.r-<XXimXS8XVX  SSBBKOKn  DP  BO£LOW  GXJLY  TILB-^ 

Concluded 


Tile  unittf  are  jU)  in^  wide 


Id  lai.  leaf,  except  as  noted 


Bamnle 
No. 

Kind  of  Tile 

Porosity^ 

Penentof 

Volume 

AbMVp- 

Uoo, 
Percent  of 

19^1 

HowTteted 

Area 
under 
Load, 
Sq.In. 

Maximum  Load 

Nominal 

Cl«y 

Total, 
Lb. 

Lb.per 
Sq.fn. 

D-1 
D>3 

2 
2 
2 

OhioBhale.. 

do 

do 

8.1 
22.1 
14.8 

14.8 

10.2 
12.2 
8.2 

ila 

12.0 
U.3 
12.2 

1L8 

16.3 
13.8 
9.6 

13.2 

2&3 
3Ql4 

3.5 

ia8 

7.2 

Tl 

7.4 
5.5 
8.6 

5.5 

5.2 
4.9 
5.5 

5.2 

7.4 
6.5 
8.8 

5.9 

17.2 
17.1 

On  end 

do 

14.3 
14.1 
14.5 

114360 
112600 
199680 

8000 

79iX) 

D-0 

do 

7560 

A  wage.... 

112210 

48300 
61980 
81410 

62943 

193560 
151770 

177940 

7850 

D-2 
D-5 

do 

do 

do 

On  edge 

do 

ILl 

ia7 

ILl 

8900 
5800 

D>8 

ATOTMn.... 

do. 

7340 
5680 

D-U 

do 

On  end. 

do 

19.9 
19.1 
19.9 

9720 

D-ld 

do. 

do. 

7960 

D-17 

do 

8930 

Avoraae.... 

174420 

95840 
61130 
117790 

8866 

I>-13 

do 

On  edge 

do.... 

1L7 
1L7 
1L5 

8190 

D-14 

do 

5220 

IK19 

S:;::::;:. 

do. 

10230 

AvcracB.... 

91666 

53240 
51910 
56690 

53313 

33670 
29000 

23100 

28M0 

9S660 
74660 
86260 

8500 

3990O 

24920 
20060 

28290 

83270 
54200 
72030 

70088 

88069 
83370 
63440 

41623 

2n60 
32110 
40300 

33066 

1880 

SoBi-flre 

Ne^^Jereey 
district 

On  end. 

do 

12.1 
12.1 
12.1 

4400 
4210 

do 

4600 

Avcraoe.... 

■ 

4402 

•E-1 

do 

33.2 
33.5 
3S.8 

84.1 

2&3 
38.6 
2B.5 

»! 

2B.0 
38.2 
33.0 

^ 

37.6 
41.8 
45.8 

TTi 

«i.l 

6a2 

40.2 

4675 

6L2 
46.9 
41.4 

46.6 

19.8 
1^6 

23.0 

20.4 

14.2 
20.6 
17.2 

17.3 

10.2 
19.8 
20.4 

23.2 
27.0 
30.4 

as 

27.6 
39.1 
20.4 

81.0 

39.0 
34.8 
27.7 

33.3 

On  edge 

do 

16.6 
16.9 
16.9 

2160 

•B-S 

do 

1820 

•E-10 

do. 

do 

1450 

Atmub.... 

1810 

S:{f 

do.., 

On  end. 

do 

2L6 
2L6 
2L6 

4440 

S::::::::: 

3460 

B-lfl 

do 

do 

4000 

ATWige..  . 

3966 

B-12 

do 

Onedge 

do. 

12.6 
12.6 
12.6 

8170 

E^S 

do 

1980 

B>14 

do 

do.... 

1590 

Average.... 

2246 

tF-6 
F-S 

Porous  semi- 

flraelsy. 

New  lerwy 

district 

On end 

4o 

18.9 
19.9 
18.8 

4410 
2720 

Ho 

do 

3970 

Average.... 

3700 

tQ>2 

do. 

do 

28.9 

1560 

0-3 

do 

do 

1400 

Q*-4 

do 

do 

2230 

AWUR.... 

1726 

fH-l 

1 

do„ 

fc::::: 

do 

19.9 
18.0 
20.8 

1360 

H-2 

do 

1780 

H-4 

do..::.:::;:! 

1940 

Average. ... 

1698 

i 

•Nominal  width  Of  tUo»8in. 


t  Curved  tUe. 
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XABZJi  da^-JZiuurairEBai  Bnomcas  of  soqulo v  txxa 


TU«  tested  flatwise  on  side  with  center  load  snd  sapporti  10  in.  apart. 
Tile  unite  are  12  in.  wide,  eseept  aa  noted. 


KtadoTTUe 

CdeoJated  Masdmnm 

Stresses,  Lb.  per 

Sq.In. 

Nominal 

Thldmess, 

In. 

Cky 

'^ 

Bending, 
Outer 
Fiber 

Shear, 
Center 
ofWebft 

A-l 

3 

8 
8 
8 

district...... 7!-VTT 

1130 
1060 
830 
1100 

lOM 

8800 

1500 
3S0# 
1806 

3133 

1^ 

1386 
1346 

1860 

1606 

6600 
5100 
0880 

5713 

1386 
8046 

1630 

3180 

8586 
1630 
3800 

8483 

4530 

6350 
4010 
3380 

4748 

1410 

llOQ 

1356 

8010 
1900 
1330 
3570 

1003 

• 

305 
370 
308 

387 

361 

354 
147 
844 
185 

2m 

635 
650 
800 
175 

787 

847 
•75 
400 

513 

In 

477 

m 

381 

045 
606 

1104 

•16 

864 
778 
611 
408 

800 

706 
550 

«7 

873 
357 
180 
847 

364 

158 

A-8 

do  

148 

A-0 

do 

117 

A-10 

do 

155 

A  vcniQ >k... 

145 

A-13 

4 
4 

4 
4 

do 

146 

A- 15 

do 

84 

A-t7 

do 

140 

A-18 

do 

109 

Avtn%9  ...4 

no 

♦B-3 
*B-5 

3 
8 

I 

SurfMe  day,  Boston  dLntrict . 
do 

808 
307 

•B-7 

do 

868 

«B-0 

do.... 

8B0 

Ayflrsftu '. . .  a  X 1 4  ^-  c 

864 

B^15 

4 
4 
4 

4 

do 

853 

^16 

do * 

313 

B-18 
B-30 

do « 

do 

831 

887 

Avtfage.... 

2^ 

C-7 

3 
3 

Ohio  semi-fire  ciay 

336 

C-10 

do .'. 

394 

AvcraM 

313 

G-ao 

4 

3 
3 
3 



do 

833 

D-4 

Ohio^hAle       - 

415 

D-6 

do 

887 

D-7 

do  ...* - 

885 

AvtfiM 

408 

IK13 

4 
4 
4 

4 

do 

300 

I>>15 

do 

441 

IK18 

do » 

346 

D-30 

do  

331 

Avtnge 

»5 

tE-8 
ATortco  .       • .  •  • 

3 
3 

New  Jersey  semi-fire  elay . . . 
do 

155 
131 

188 

B-n 

4 
4 
4 
4 

do 

148 

E-16 

do 

134 

B-18 

do 

94 

E-20 

do 

182 

AvCTBM 

140 

•Nominal  width,  6  in. 


tNominalwldth,8in. 
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OF  GLAY  nXa  AND  BBICK 


N«. 

CLAY 

Temperature 

Temperature 

Predudiig 

BoftenlDft 

Deg.C. 

Temperature 
of 

Deg.C. 

A 

SorfBCO  day,  Chicago  dffftrlcf. 

1120 
112Q 

lis  . 

1200 

1200 
1160 
1460 
1880.    . 
1480 

1450 

1610  . 

1460 

1240 

B 

PnrlmdiATl  Bflitmi  dliitriet 

1180 

c 

^«?wit{-fcH!S^ 

140O 

D 

OhiMMf»  . 

140O 

X 

New  Jmey  MiDi-te  cky  putiti»  Ule 

1600 

T 

N«w  jecMor  poroua  wni-lJre  diy,  2  by  Mn. 

curved 

1470 

e 

N0W  Icney  p«mb  senl-in  day,  t  tf  l»ln. 

tils.. ....... .k. a.     .■•..•■•*     .     ....        a     ...... 

curved 

1630 

H 

t1H-f  lI ..g .  .....k......^^...  ........... x..^4..  a. 

1470 

J 

1146 

TABUB  34.— P0B08IT7  AND  ABSORPTION  OF 
QOEaO AGO  OOMMON  BBZGK 


Brick  No. 

fipectaneo  No. 

^*~^S?r**^ 

^^-TS^v^SlT'-: 

.       .<'    .  1  '    •       t. 
1 

1 
2 

•. .  S  ■  - 

6 

0 

7 

>           :■  f.      • 

36.4 
81.9 

•I             24.6 
36.8 
36.6   , 

80^4 

48.1 
42.1 

4ai 

39.9 
4a3 
4a9 

4as 
4a6 

4a9 

20.2 

n.8 

13.1 
20.9 

M.9 

2 

-  ••2 
2 
2 
2 
2 
2 

2 

1 

•n2 
8 
4 
6 

e 

7 

8 
A^v^Bige .^, 

26.8 
24.4 

.  ,      25.1 

a0184*— 21- 2A 


Digitized  by 


Google 


362 


Technologic  Papers  of  the  Bureau  of  Standards 


TABIA  85.— OOMntaSSIVS  8XBJBNOCTL  07  OHJOAQO  OGMUQV 

BBIOX 


HonrTMlod 

Aim 

Sq.In. 

Mazimiim  Load 

width 

Thlok. 

BflBS 

Leogth 

Total, 
Lb. 

Lb.  per 

J-l 

On«iid  ,. 

3.45 

8.76 
8.60 

2.30 
2.26 
2.26 

:;:' 

7.60 
8.44 

7.88 

82600 

14600 
37660 

4380 

J-2 

do 

1760 

J-4 

do 

3500 

ATflnum........ 

3200 

J-8ibriok 

OnedM ....a 

:::: 

Ii26 
2.16 
2.36 
2.86 
2.26 
2.26 

2.9 
8.86 
6.46 
4.10 
.8.40 
4.86 

6.68 

7.20 
UL66 
0.64 
7.67 
10.24 

7860 
26000 

16660 
16R0O 
16160 

20700 

4B010 
66800 

16490 

1160 

J^      do 

do 

3610 

J-7      do 

do 

1216 

j-8      do 

do 

1740 

J-«      do. 

do 

1080 

J-10     do 

do 

2030 

ATwage........ 

1900 

J-8  ibriok 

Oniide. i.. 

8.7t 

8.W 
8.60 
8.60 
8.60 
8.66 

;;;; 

4» 

4.60 
7.80 
2.60 

1:$ 

16.17 
16.10 
28.06 
0.10 
16.66 
13.60 

3000 

j-6  '   do I 

dcL7.:  :  :: 

8460 

j-e      do 

do:.::;:::;:;:: 

3060 

j-7      do 

do 

1810 

JL4>      do.  ., 

do 

4100 

J-IO     dOw.i .... 

do 

2440 

ATvrsge 

2816 

TABLB  86.— TBiOrSVBBSB   STBSNGTK  OF  GHXGAGO  OOMMON 

BRICK 

Bziok  tested  on  aide  idth  oenter  load  end  sapporte  7  ixi.  apart 


Sample  No. 

Dtinenalflnti,  In. 

ilajd]imml4wl. 

ModnlnsorRiiptiira 
Lb. par  Sq.In. 

Width 

TIOtikDna 

J-8 

8.70 
8.60 
8.70 
8.60 
8.66 

126 
116 

126 

940 
2100 

1680 

630 

J-6 

1760 

J-8. 

940 

J-0 

800 

j-10 

900 

Awafi 

662 
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Kind  Of  Block 

Potadty. 
Psneotof 

TlilcfeD«B 

Oypsam 

Total  Volume 

^ 

tS:lSSS;:::::::;::::: 

Wflstem 

88.t 

K^llv^v^v^'v^'^\ 

dOw  •••*••••«.• 

do 

68.7 

L-4 

4-iii. solid 

03.7 

L-« 

4^. solid 

do 

88.9 

M-4 

3-iii. solid 

m::::::::::::::::::: 

68.0 

M-6 

Mn. solid 

63.6 

AvwifB 

63.7 

N-4 : 

4^. solid 

Etitnm. ............. 

5&6 

4-tii.solid ...*..... 

do 

6&4 

g^v—- -• 

Mn.ff^ 

$::!:;.: 

62.0 

wtt.sSS:;:;::;::::;;:; 

$::::::;::;::::::::: 

62.3 

AlWlf» 

O0L4 

TABLK  38.--OOXFBBdSIVB  BTBBSrOTS  OF  SOUn 
0YPST71C  BLOCK 


AU  Uooks  tested  on 

edge 

Dimensions,  In. 

Htf^Tfrnirm  Loed 

Bum»leNo. 

Thlok- 

LWKth 

width 

Total, 
Lb. 

Lb.  per 
84.  in. 

L-i j;ii 

1 .:^ 

4 
4 

mi 
aai 

30.0 

la 

3 

lani 
iao.6 
iao.0 

ouoo 

44300 
40080 

607 

L-a. 

do««**##*»v«<«. 

307 

h^^v^.^.^... 

409 

Avwifs 

m 

M-4 

M-2 

M-< 

▲vsm.. 

S::::::::::::: 

do 

a 
a 
a 

ano 
So* 

la 

S! 

88H0 

asToo 

33840 

040 
390 
308 

m 

N-i 

Knftfrn .r. 

4 
4 

4 

as.7 
as.7 
ao.a 

lObO 

103.0 

1S:S 

07540 

050 

§1:::::::::::::: 

AVWBflS........ 

do 

do 

498 
604 

553 

0-1 

S::::::::::::: 

do 

a 
a 
a 

ao.1 
as.1 
ao.1 

iolo 

62.2 

1S& 

21085 

40S 

SI2:::::::::::::: 

O-O 

AVWBflS........ 

306 

415 

413 
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0YPSUX  BLOCK 

All  blocks  tested  flatwise  on  side  with  center  load 


Gypsom 

PtinensUniffjIn. 

^^ 

Modnhii 

Sample  No, 

Load, 
Lb. 

ofRup- 
perSiJn, 

Thln^Off 

Length 

Width 

Ir-T 

Western. 

do 

4 
4 

4 

80.2 
86.2 

ao.2 

19 
19 
12 

24 

49.9 
47.4 
40.2 

889 
888 
882 

^ 

L-« 

Ir9 

do 

109 

Average.. 
11-7 

123 

do 

2 

S 
2 

9.8 
9.9 
98.9 

12 
19 
19 

I'....'..... 

24 
31 

22.7 
22.1 
28L8 

288 

980 
994 

i 

M-8 

do 

m3;:;;;::::::: 

do 

AyecB^.. 
N-7 

m 

Eitftem 

.  ^::.7:::::: 

4 

28.1 
28.1  , 
28.0 

18.5 

20 

6&9 

88.2 

•   8BL2 

1820 

178 

N-8 ^^ 

188 

83.:::::::::^ 

189 

Averace.. 

170 

0-7 

do 

2 
2 
2 

28.9 
28.2 
2S.9 

'  te.4 

16.3 
M.4 

20 
20 
20 

24.4 

806 

It! 

148 

0^ 

fe-::::::: 

U7 

o-«.... 

148 

Average.. 

188 

TABLB  40.— TitA^SVBStiStB  STlt&^OHIH  OF  QTPSUX  WALL  BOABD 

asmple%  18  in.  long,  w«re  tested  with  cesier  load 
akid  support*  19  in.  apart 


Ko. 


Width, 
IE.  ^ 


Xhiok- 
neie. 


'tt 


CtaodltUMior 
Board 


PiredtUmof 
Imadiig  Bar 


Haii- 


Load, 
Lb7 


A-1. 
A-2. 
A-3, 


a9 
12.0 
12.0 


Average.. 


B-l. 
B-2. 


12.0 
U,9 


Average. 


c-i......... 

02. 


1L9 
12.0 


a40 


Average., 


IKl. 
D-2. 
D-8. 


1X0 
12.0 
1X0 


a88 
aS4 

a89 


Average.. 


E-1. 
B-3. 


12.0 
1X0 


ass 
ass 


Average., 
F-1 


12.0 


ass 


8.x 
S.1 
S.1 


Dry.* 

Dry 

Dfy....vj. 


Parallel  with  grain  of  paper.  ^ 

"do. 

do 


S.1 

s.e 


Dqt  after  haring  been  sat- 


raOra. 


ParaDel  tdth  grain  of  paper. 

•      -QO.,,. «...•...•..■...;.. 


8.8 

8.7 


Salnrated. 
Satonted. 


Parallel  wiUi  grain  ofpsper . 
do« «..^ 


8.1 
8.2 
8.2 


Dry.. 
Dry.. 
Dry.. 


Perpendicalar  to  grain  <i! 

•X.::::::;::;::::::::::: 


8.0 
8.1 


Dry  after  having 
urated 


been  sat- 


Perpendicular  to  grain  of 
P«I>«r 


8.7 


Satorated. 


Perpendicalar  to  grain  of 
P«P« 


IS 

87.8 

sTs 

tS.5 

in 

lao 
ao 

To 

oas 

98.0 
ffXO 

02.8 

sas 

87.0 
802 
18.8 
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APPENDIX  ]S»— PRBVIOUS  INVBSTIGATIONS 

Page 

X.  BauschinsofS  tests 3*5 

(«)  First  series 366 

(6)  Second  MQCs 366 

a.  Tests  by  Mdller  and  Lfihmann 367 

3.  Hamburg  tests 369 

(a)  First  series 37© 

(6)  Second  series 370 

(c)  General  results 37z 

4.  Fire  test  of  colunm  at  Vienna , 37x 

5.  New  York  tests 37a 

6.  Waite's  tests 373 

7.  Tesuby  McFarbttd  and  Johnson 373 

The  firet  experimental  investigations  on  the  fire  resistance  of  bnilding  columns 
were  made  abroad,  principally  in  Germany.  When  iron  came  into  use  as  a  structural 
material  in  that  coimtry,  it  was  thought  that  the  possibility  of  constructing  truly 
fireproof  buildings  was  realized,  for  iron  is  not  combustible.  Extensive  fires  showed, 
however,  that,  while  the  structural  framework  did  not  btun,  the  building  collapsed 
suddenly  and  without  warning.  It  was  early  recognized  that  some  wooden  structures 
offered  greater  resistance  to  fire  than  those  built  of  tmprotected  iron,  a  result  that 
occasioned  no  little  comment  when  first  observed.  In  fact,  iron  as  a  structural  mate- 
rial was  for  a  time  in  considerable  disrepute.  At  one  time  the  use  of  tmprotected 
cast-iron  cohmms  under  main  bearing  walls  was  forit)idden  in  Bttlin  but  wrought- 
iron  colimms  permitted.  Subsequent  to  lai^e  files  in  Berlin  and  Hambui^  the 
reverse  was  true.  Similar  changes  in  opinion  were  evident  as  to  whether  cast  and 
wrought  iron  columns  should  he  given  fire-protectJve  coverings  and  whether  such 
coverings  should  be  removable  or  permanent. 

t.  BAUSCHOIOSR'S  TBSTS* 

In  1884-1886  Prof.  J.  Bauschinger,  of  Munich,  Germany,  made  two  series  of  fire 
and  water  tests  on  building  coltunns  that  were  loaded  in  a  horizontal  testing  machine 
and  heated  by  wood  fire  in  a  wrought-iron  trough  placed  under  them.  Water  was 
applied  to  the  top  surface.  Temperatures  were  measured  by  alloys  of  tin,  lead,  and 
silver,  having  computed  melting  points  of  300, 400,  500,  and  600**  C,  that  were  attached 
to  rods  and  held  against  the  surface  of  the  coltunn  at  the  middle  of  the  sides  to  obtain 
the  average  temperattue.  Deflections  were  measured  in  the  vertical  and  horizontal 
directions  by  indicators  attached  to  wires  that  were  fastened  to  the  column  at  the 
middle  of  its  length.  The  columns  were  loaded  to  what  were  considered  safe  working 
loads  and  subjected  to  three  successive  fire  and  water  tests,  the  surface  temperatures 
it  was  aimed  to  attain  when  water  was  applied  being  generally  300**  C,  400  to  600®  C, 
and  red  heat  above  600**  C.  Thes^  tests  were  made  with  the  coltunn  ends  fixed  or 
restrained.  If  failiue  did  not  occur,  a  final  test  at  red  heat  with  the  coltunn  ends 
imrestrained  was  made  in  most  cases.  The  method  of  testing  was  largely  determined 
by  the  fact  that  opinions  differed  as  to  whether  damage  to  cast-iron  columns  in 
building  fires  was  caused  by  the  fire  or  by  the  application  of  water  to  the  red-hot 
metal. 

During  the  first  part  of  each  fire  test  the  column  deflected  downward  toward  the 
fire,  due  to  the  imequal  heating,  but  with  increase  of  temperature  greater  imiformity 
obtained  and  the  column  straightened  somewhat.  The  application  of  water  to  the 
upper  stuface  caused  another  sharp  deflection  downward,  which  became  less  as  the 

*  If  ittheihrngen  ausden  Mech.  Tech.  Lab.  d.  k.  Tech.  Hochschule.  MOnchen.  Helt  xa.  1885;  Heft  zs,  1887. 
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column  cooled  on  all  sides,  the  final  deflection  being  in  some  cases  upward.  The 
test  conditions  and  effects  approximate  to  some  extent  those  pertaining  to  unprotected 
columns  under  exterior  walls. 

(o)  First  Ssribs. — In  the  first  series  tests  were  made  on  six  cast-iron,  three  wrougfat- 
iron,  and  15  columns  of  other  building  materials,  including  Portland-cement  mortar, 
brick,  and  several  kinds  of  building  stone. 

The  cast-iron  columns  had  been  rejected  for  building  purposes  because  of  imeven 
wall  thickness,  "cold  shuts,"  and  other  defects,  and  were  more  or  less  ornamental  in 
form,  the  types  varying  from  the  plain  cylindrical  and  slightly  tapering  shafts  to  the 
form  having  an  ornamental  base  for  about  one-third  of  the  length  and  a  tapering 
shaft,  which  in  one  case  was  deeply  fluted.  They  had  plain  or  highly  ornamental 
capitals  and  were  from  11  feet  to  13.8  feet  in  length  and  from  5.8  to  7.6  indies  in outalde 
diameter,  as  measured  at  the  midheight  of  the  column,  with  average  wall  thicknesses 
of  0,40  to  I  inch,  the  thickness  varying  considerably  within  each  column.  Working 
loads  of  3400  to  5800  pounds  per  square  inch  were  applied,  the  stress  depending  on 
the  slendemess  ratio  of  the  coltunn. 

As  tested  ¥dth  restrained  ends  the  cast-ixpn  columns  supported  their  full  load 
in  the  fire  and  water  tests,  although  cracks  developed  in  some  cases  at  the  hi^er 
temperatures  when  water  was  applied.  Maximum  vertical  deflections  of  3K  inches 
were  observed  after  application  of  water  on  columns  of  nearly  uniform  wall  thickness. 
With  coltunns  of  uneven  wall  thickness  the  deflections  were  laiger.  In  the  tests 
with  tmjrestrained  ends,  on  application  of  water  the  resulting  deflection  made  the 
columns  unable  to  support  full  load  and  caused  some  of  them  to  break. 

The  wrought-iron  columns  were  about  13  feet  (4  meters)  in  length  and  consisted  of 
one  welded  tube  5.04  inches  outnde  diameter  and  aa4  inch  thick,  and  two  built-up 
box  coltunns,  one  of  two  7-inch  channels  and  two  plates  fastened  together  by  bolts 
spaced  about  16  inches  on  centers,  and  the  odier  of  two  7-inch  I  beams  and  two  plates 
fastened  with  bolts  spaced  about  7  inches  apart.  The  loads  were  6200,  7600,  and 
6700  potmds  per  square  inch,  respectively. 

The  welded  tube  took  a  large  deflection  before  the  temperature  had  reached  600^  C 
and  failed  to  sustain  full  load.  A  slight  application  of  water  increased  the  deflection 
and  caused  it  to  fall  out  of  the  machine.  The  two  other  colimms  were  heated  to  300 
and  400°  C,  followed  in  each  case  by  water  application,  their  behavior  being  similar 
to  that  of  the  cast-iron  coltunns,  only  the  deflections  were  larger.  On  heating  to  600^ 
C  and  applying  water  the  deflections  became  so  large  that  the  full  load  ootild  not  be 
carried,  and  some  of  the  bolts  were  sheared  off. 

Of  the  tests  on  other  building  materials  that  with  Portland-cement  mortar  was 
made  on  a  column  about  12  inches  (30  cm)  sqtiare  and  10  feet  (3  m)  long.  The  pro- 
portions of  the  mixtiu^  was  i :  5  FbrUand  cement  and  coarse  sand.  The  column  was 
tested  at  the  age  of  6>^  months  under  a  working  load  of  95  pounds  per  square  inch. 
It  was  heated  for  i^  hotu^  until  a  temperature  of  600^  C  was  attained  at  the  middle 
of  the  sides,  when  water  was  applied.  No  apparent  injury  resulted,  and  when  cold 
it  was  loaded  to  failure  at  930  pounds  per  square  inch. 

The  brick  column  was  aTx>ut  i3>^  inches  (33  cm)  square  and  6.6  feet  long  widi  brick 
laid  in  Portland-cement  mortar  and  the  outside  covered  with  a  layer  of  Roman-cement 
plaster  about  0.60  inch  (1.5  cm)  thick.  It  was  exposed  to  fire  for  one  hour  attaining  a 
temperature  of  600^  C  on  the  sides,  when  water  was  applied.  No  apparent  damage 
other  than  slight  cracking  and  flaking  of  the  plaster  resulted,  the  coltmm  being  sub- 
sequently loaded  to  failure  at  load  of  520  potmds  per  square  inch. 

(6)  SECOND  SSRi^. — Objections  raised  against  Batischtnger's  tests,  in  particular 
that  the  loads  applied  to  the  cast  iron-columns  were  too  small  and  that  the  component 
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parts  ol  the  wtfou^t-iion  eolunms  were  tx>lted  togdlier  at  intervala  too  far  apart  to 
secure  a  rigid  section  led  BausditBger  to  oondiict  a  second  series  of  tests  in  x886  on 
two  cast  and  five  nmmght  iron  ookuBns.  13ie  cast-irain  eohnxrits  were  about  13.  feet 
(4m)  long;  one  had  outside  diameterof.7  inches  amd  ayenage  wtall  thielmessof  x.xanch, 
and  the  other  had  outside  diamcterof  6.z  inch  and  average  wall  thickneas  of  x  inch* 
the  applied  working  loads  being  8400  and  7 100  pounds  per  square  inch»  ie^>eetiiP9e]y. 
The  columns  had  fatiiy  unilomi  wall  thictaiess  and  wer^  apparently  of  better  quality, 
than  the  cast-dron  oolunins  of  the  first  series.  They  were  tested  in  a  manner  stmilsr 
to  those  in  the  first  series,  and  although  large  defiectionsoccuired  when  heated  to  red 
heat  and  suddenly  cooled  by  water  application,  they  sustaJned  thdr  IttU  woddng 
load.    No  cracks  due  to  water  application  developed. 

The  wxDu^t-^ron  cohmms  were  abouK  xpieet  long  and  ccaisuited  ol  two  i^ote  and 
channel  box  sections  and  three  stazted^angle  sections.  The  former  were  built  up  of 
two  5.7-inch  channHs  and  two  -fig  by  S  inch  {ao  cm)  plates  with  rivets  spaced  3  to  5- 
inches  on  centers,  and  were  kxuied  to  6300  pounds  per  square  indi.  The  starred- 
ann^e  sections  were  of  two  sizes,  two  being  built  up  of  four  $^4  by  s^  by  ^ir  inch 
angles  spaced  2^  inches  back  to  back  and  riveted  together  rigidly  at  the  ends  and  at 
two  intermediate  points  about  6  feet  apart.  The  angles  of  the  third  column  of  this 
t3rpe  had  $f4  by  $yi  by  H  indi  (x  cm)  angles  spaced  1.4  inches  back  to  back  and 
were  riveted  at  the  ends  and  at  five  intermediate  points  sboot  3  feet  apart.  The 
wofldng  loads  for  the  two  types  were  6300  and  5300  pounds  per  square  inch,  respec- 
tively. 

All  five  oolumiis  were  heated  red  hot,  and.  water  a|iplied  until  they  were  cold. 
The  two  box  columns  carried  their  full  load  throughout  the  test,  although  large  perma- 
nent deflections  were  produced.  The  angle  colnnms  deflected  downward  rapicUy 
and  were  unable  to  carry  their  full  load  at  600^  C.  Water  application  increased  the 
deflcedaai  and  caused  a  further  decrease  in  the  sustained  load.  The  rivets  were 
distorted,  but  none  were  sheared  oR 

2.  TBSTS  BT  M<5lLER  ABD  LttHMAKll^ 

In  1887,  M.  BiESller ,  a  Oovemment  architect,  and  R  Lflhmann,  an  engineer,  obtained 
a  prize  offered  by  the  (German)  Society  for  the  Promotion  of  Industrial  Progress  for 
the  best  essay  on  the  subject  of  the  "  Resistance  of  Imn  Columns  when  Subjected  to 
High  Temperatures,"  submitting  to  that  end  a  paper  in  which  were  described  tests 
conducted  by  them  at  Hamburg,  Germany. 

Ftom  the  remarks  accompanying  the  announcement  of  the  competition  it  is  evident 
that  the  principal  interest  centered  in  the  relative  resistance  to  fire  and  water  of 
unprotected  cast  and  wrought  iron  columns,  although  the  bdiovior  of  masonry  piers 
at  high  temperatures  was  also  considered  of  importance. 

In  planning  their  investigation,  Bauschinger's  work  was  carefully  considered  by 
Wller  and  Lfihmann,  who  concluded  that  in  both  the  first  and  second  series  of  tests  by 
the  former,  the  wrougfat-inm  columns  were  overloaded,  resulting  in  relatively  greater 
bending  as  the  columns  deflected  under  the  tmsymmetrical  heating  and  givir^;  greater 
extreme  fiber  stress  than  the  columns  could  withstand.  It  was  held  that  a  compari- 
son of  cast  and  witm^t  iron  columns  diould  be  made  with  spedmens  identical  in 
length,  lateral  dimensions,  and  moment  of  inertia. 

Hie  specimens  tested  by  Mdller  and  Lflhmann  were  3.28  feet  (x  m),  6.56  fe^  (3  m),  or 
X3.13  feet  (4  m),  in  lengtii.  The  Shortest  length  was  chosen  to  give  iqiprozinuitely 
the  compressive  strength  of  the  material,  the  intermediate  length  was  in  about  the 

*  Vcfluttidliiiig  dcs  Vctdnc*  tu  Bdofdensng  dcs  Gcwctbfldnes.  SS^  p.  573  and  901;  1887. 
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wine  ratia  to  the  lateral  dimennocB  as  of  ooluimis  in  actual  t^  and  tke  loogeit  was. 
taken  as  reprejenting  nmwially  laiy  vriiies  of  that  fatio. 

file  cast  and  wrouc^  inxn  apedtBena,  all  apfjumiuiately  9^  aqnare  inches  in  cioas- 
sectional  area,  comprised  solid  and  hoUow  cyiindrioal  forms,  the  fonncr  3>i  inches  in 
diameter,  the  latter  about  6  inches  in  outer  diameter  with  wall  thidmcss  sU^itly 
less  than  fj  of  an  inch;  a  hoUow,  cast-inm,  cnuunental,  fluted  coltmm  ol  iqyprazH 
mately  the  same  diameter  and  area  as  the  other  hollow  sectioa»;  and  a  rivetedfonnof 
rectangular  section  (6  by  7  indies)  built  up  of  four  angles  nnited  on  two  sides  by 
plates  and  on  the  other  sides  by  lattice  bars,  the  component  paits  being  rigidly 
bolted  and  riveted  together.    The  cast  iron  columns  had  f airiy  unifom  wall  thick- 


As  adding  somewhat  to  tiie  resistance  to  five  and  water,  cue  of  the  ynan^t-moi 
and  two  of  tiie  cast*inm  columns  were  filled  with  cement,  a  s-iadi  gas  pipe  being 
l^aced  concentrically  in  one  of  the  latter  to  maintain  alignment  of  the  pieces  when 
the  column  broke.  Quite  full  pmtectian  was  given  one  each  of  the  hoUow  cast  and 
wnmght  ixon  specimens  by  a  covering  of  2:3  cement  mortar  about  a^  inches  thick, 
interlaced  with  wire.  Also,  one  of  the  riveted  angle  columns  was  protected  by  a 
drcular  wood  mantle  about  \}i  inches  thick,  covered  with  sheet  inm. 

There  Mrere  further  included  oak  and  fir  columns  6  inches  square  and  columns  of 
brick  9  indies  square  set  in  cement  mortar. 

Lengths  other  than  6.56  feet  were  used  only  in  the  unprotected  cytindrical  cast 
and  wrought  iron  specimens.  Report  was  made  on  about  40  tests,  of  which  appraad* 
mately  two-tiirids  were  fire  and  Wttter  tests,  the  rest  being  load  tests  at  notmal  temper- 
ature. 

The  testing  apparatus  was  very  similar  to  that  used  by  Bansohinger,  the  oohmmi 
being  loaded  in  a  horixontal  hydraulic  press  and  heat  applied  by  a  coke  %xt  in  a 
U-shaped  trough  placed  beneath  the  column.  Temperatures  of  330,  440,  and  6cx>^  C 
were  measured  by  metals  and  alloys  placed  in  contact  with  theonteide  ol  the  odhmsns. 
Vertical  deflections  were  measured  at  tbe  mid-point  of  the  length,  using  a  lever  with 
one  of  its  ends  resting  on  the  column. 

'  The  loads  were  applied  with  the  ooltunn  aids  uniformly  0.39  inch  <i  cm)  belofw 
that  of  the  machine,  the  authors  holding  that  central  loading  of  columns  does  not 
oecur  in  buildings  except  by  chance,  and  that  the  above  eccentricity  is  about  yAxsX 
may  be  expected  in  practice. 

In  general  the  tests  were  conducted  with  the  column  ends  unrestrained,  themachine 
being  fitted  with  SfAerical  bearing  blocks,  but  to  determine  the  difference  a  few 
columns  were  loaded  between  fixed  paralld  bearing  plates.  Some  of  the  columns 
were  loaded  at  ordinacy  temperatures,  and  the  safe  load,  as  judged  apparenUy  by  the 
limit  of  permissible  deflectioni  and  the  maximum  load  were  determined.  The  same 
quantities  were  determised  for  the  high  temperature  condition,  in  general  after  330 
and  4oo^  C  had  been  attained  on  the  upper  and  lower  sides  of  the  ct^umn,  reflec- 
tively. The  load  determinations^at  high  temperature  were  generally  made  when  the 
maxhnum  deflection  had  been  induced,  which  occuned  at  the  time  of  water  t^plica- 
tion. 

On  application  ol  nwrrimum  load  while  hot,  the  short  hollow  columns  (i  m  kmg) 
deflected  upward  due  to  yielding  of  the  metal  at  higher  temperatiire  on  the  lower 
side  of  the  column.  The  solid  columns  of  this  length,  in  common  with  all  of  the 
longer  columns,  deflected  downward  due  to  the  uneven  heating;  the  deflections 
increasing  on  i^>plicatkMi  of  water  and  load.  The  following  tabulation  gives  a  sum- 
mary of  the  results  obtained  ¥dth  unprotected  hollow  and  solid  columns  of  cast  iron 
and  wrought  iron: 
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Firaa 


TmIMi 


4.2 

4.2 

7.5 
7.5 
4.2 
4.2 
7.5 
7.5 
14.0 
14.0 
14.0 


27 
27 

47 
47 
57 
60 
101 
107 
•9 
190 
201 


16100 

U500 

23  000 

10  800 

9220 

9100 

6640 

5000 

2650 

1890 

1620 


Is. 
0.98 
1.97 
1.77 
1.97 
1.17 

.28 
1.93 
1.97 
4.75 
6.80 
4.56 


48  700 


10. 
1.02 


37  200 
23  000 
39  300 
22  100 
10  900 
13  500 
15  800 


.39 
.78 
.33 
.63 
.98 
.18 
1.77 


The  decrease  in  gtrengtli  with  length  was  marked,  paiticnlarly  for  the  columns 
loaded  after  fire  exposure  and  water  application.  This  was  due  to  the  lai^ger  lateral 
deflections  caused  by  tmsymmetrical  heating,  codling,  and  loatKng  induced  in  the 
longer  cohimns,  test  conditiona  that  can  hardly  be  said  to  duplicate  typical  fire 
oonditions  even  for  impititected  exterior  wall  columns.  In  the  shorter  lengths, 
the  cast  iron  sustained  higher  average  unit  loads  than  the  wrought  ircm,  the  difference 
becoming  smaller  with'increase  of  length  or  dendemess  ratio.  The  load  reported  as 
safety  carried  after  fixe  md  water  apf^catkm  varied  from  a  little  over  one-half  of 
the  maximum  load  finally  sustained  to  nearly  the  full  value  of  the  latter.  Failure 
was  due  in  all  casea  to  bending  produced  mainly  by  tmeven  temperature  distribution 
cfyrtr  the  column  section.  The  tests  devdoped  no  craddng  of  the  hot  cast  iron  due 
to  water  application  except  in  the  case  of  the  longest  column,  in  which  c3St  the 
cradt  could  have  been  incidental  to  failure  as  caused  by  the  large  deflection. 

The  o^unms  tested  between  fixed  parallel  plates  withstood  higher  loads  than 
those  tested  with  ^herical  end  blocks,  although  the  tests  were  too  few  in  number 
to  afford  definite  comparison. 

The  filled  cohimns  sustained  riigfatly  higher  loads  tmder  the  same  test  conditions 
than  the  conesponding  unfilled  columns.  The  metal  of  the  columns  protected  by 
mortar  was  only  moderately  warm  after  the  column  had  been  in  the  fire  about  i}4 
hours,  and  that  of  tiie  oolunm  protected  by  wood  was  120^  C  after  the  covering  had 
been  removed  subsequent  to  a  63-minute  fire  exposure.  The  strength  of  the  brick 
columns  was  reduced  about  50  per  cent  after  40  to  45  minutes'  fire  exposure.  The 
oak  column  failed  due  to  reduction  of  area  and  strength  of  the  wood  after  8  minutes 
under  load  of  1^40  pounds  per  square  inch,  as  computed  on  the  original  area,  and 
the  fir  column  after  x8  minutes  in  the  fire  tmder  load  of  xxxo  pounds  per  square  inch. 

3.  HABfBURO  TESTS  • 

Two  series  of  fire,  testa  on  loaded  building  cohmnui  were  tmdeftaken  at  Hamburg, 
Germany,  in  the  period  1893  to  1895,  by  representatives  appointed  by  the  Hamburg 

'  Vergldchende   Versuche   uber  die   Peuersicherheit   von   Spdcher-stutzen.    Commissions— bericfat 
Hamburg.  1895. 
Vergkkfacndc  Ubenicht  nber  die  Peuenicherfaeit  guasdaemer  Spcicfaer-ftiitxen.    Hamburg,  1897. 
Zdtschfift  d.  Veiein  Dcutcfa  Ing.,  4§,  p.  159;  41,  p.  1007;  4t,  p.  i^j. 
SUhl  und  Biacn,  18,  p.  696. 


Digitized  by 


Google 


370  Technologic  Papers  of  the  Bure<m  of  Standards 

senate  from  the  bnilding  commission,  the  fire  department,  the  warehoUise  association, 
and  the  insurance  interests. 

(a)  First  Sbribs. — In  the  first  series  test»  were,  made  on  wxxmght-ixpn  columns 
built  up  of  four  angles  united  by  latticed  bars  and  plates  to  form  rectangular  sections. 
A  few  columns  were  tested  unprotected,  two  were  filled  with  cinder  concrete,  and 
nine  were  protected  by  coverings  from  f^  to  2  inches  in  thickness,  consisting  of 
concrete  (Monier)  blocks,  gypsum  and  magnesite  blocks  or  boards,  pressed  cork, 
and  asbestos  cement.  Some  of  the  coverings  were  protected  by  a  sheet-metal  mantle. 
In  the  series  were  also  included  three  woodeh  columns  11. 8  inch  square,  one  of  which 
was  covered  by  sheet  metal. 

The  question  of  the  relative  fire  resistance  of  the  several  column  materials  was 
still  of  interest,  and,  although  fire-protective  coverings  had  come  to  be  employed, 
their  use  had  not  gained  such  headway  as  in  America,  where  hollow  tile,  at  that 
date  not  manufactured  in  Germany,  was  the  almost  universal  covering  material* 
The  importance  of  simuls^ing  in  the  tests  actual  loading  and  fire  caoditions  was 
recognized. 

The  coltmms  were  loaded  by  a  hydraulic  ram  in  upright  position  within  a  frame- 
work in  which  were  inserted  two  platforms  ii>^  feet  i^MTt,  to  which  the  test  column 
was  attached.  Heat  was  applied  over  a  length  of  about  4  feet  in  the  middle  porticm 
cd  the  coltimn  by  a  gas-fired  oven  built  in  halvas  which  swung  together  about  the 
coliunn.  Temperatures  were  measured  by  Seger  cones,  fusible  alloys,  and  a  thenno* 
electric  pyrometer,  and  lateral  deflections  ydth  rods  passed  through  holes  in  the 
furnace  walls.  Working  load  was  applied,  centrally  or  eccentrically,  and  heating 
continued  tmtil  the  coltunn  was  unable  to  sustain  it,  when  water  was  applied  over 
the  heated  length.  The  furnace  temperatuce  rise  varied  ccmsiderably  between 
different  tests  and  was  at  times  quite  rapid,  xaoo°  C  being  sometime  attained  in  a 
hours  and  1400°  C  in  4  hours. 

The  unprotected  wrought-iron  columns  of  the  first  series  failed  after  17  to  59 
minutes'  fire  exposure,  depending  on  the  rate  of  ten4)erature  rise,  the  metal  tem- 
perature at  failure  being  given  at  about  600^  C,  ^nd  the  load  sustained  14  aoo  pounds 
per  square  inch  (1000  kg  per  sq.  cm).  The  filled  columns  proved  to  be  only 
slightly  more  resistive  than  the  protected  and  xmfilled  cplumns.  The  protected 
wrought-iron  coltmms  failed  after  i>^  to  4  hours,  with  maximum  furnace  temperature 
of  1200  to  1300^  C,  the  load  applied  being  apparently  the  same  as  for  the  unprotected 
columns.  The  temperatures  inside  of  the  column  were  not  known,  except  that  they 
were  over  412°  C. 

The  application  of  water  resulted  in  injtiry  to  the  concrete  coverings,  and  distmc- 
tion  of  the  other  coverings,  except  where  covered  with  sheet  metal. 

The  wooden  columns  failed  after  a  furnace  exposure  averaging  a  little  over  z 
hour  for  the  three  tests,  the  reduction  in  cross  section  from  combustion  of  the  wood 
being  about  40  per  cent. 

{b)  SacoND  Sbriss.— Tests  were  made  on  about  24  columns  of  cast  iron  of  xo.8 
inch  outside  diameter,  22  of  which  had  wall  thicknesses  of  1.18  inch,  and  two  0.47 
inch,  the  columns  being  cast  in  vertical  position.  Of  the  total  number  17  wexe 
protected  by  coverings  i>^  to  2  inches  (4  to  5  cm)  thick  consisting  of  the  materials 
used  in  the  first  series,  to  which  were  added  coverings  of  tufa  stone  and  art>cstot- 
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kieaelguhr.  A  number  of  the  covering  were  encased  in  sheet  metal.  The  effect 
of  an  air  space  between  the  coveting  and  coluam  and  of  free  convection  within  the 
cohimnweie  studiedj  as,  also,  the  diffecence  betwe^i  permanent  as  distinguished 
from  removable  coverings,  sc»ne  members  of  the  ocnamisaon  holding  that  ooveri^gii 
should  be  removable  to  pennit  examination  o£  the  column  torn  time  to  time  on 
aeoountof  jdangerifom  rust. 

The  method  of  test^  was  substantially  the  same  as  in  the  first  series.  The  unpro- 
tected oait-ixon  columns  failed  in  from  35  to  59  minutes,  depending  on  the  intensity 
of  the  fire,  under  load  of  7^00  pounds  per  square  inch  (500  kg  per  sq  cm),  and  tem- 
perature of  the  column  rqxnted  as  3oo^  C.  Increasiag  the  cc^umn  load  to  10  700 
poimds  per  square  inch  (750  kg  per  sq  cm)  caused  failure  to  occur  with  column  tem-> 
perature  of  700^  C,  The  thin-waUed  column  gave  a  little  lower  resistance  than  those 
of  greater  thickness.  The  appUcation  of  wiat^  to  unprotected  columns  that  had 
failed  in  the  fire  test  and  suffered  large  deformation  geserfUly  caused  cracking . 

The  pTDtected  ooJumns  failed  after  3  to  5X  hours,  with  mayimiim  furnace  tempera* 
tures  from  1300  to  2500''  C,  except  the  one  covered  wi]th  a*inch  thickness  of  asbestos* 
Idelselguhr,  which  did  not  fail  after  a  fire  exposure  of  7  hoiusi  The  air  ^Mce  betweoi 
the  coliunn  and  the  covering  increased  the  fire  resistance  a  little  and  the  piovisicm  for 
free  convection  within  the  column  delayed  failure  by  nearly  one  hour.  The  action 
of  water  o|i  the  coverings  was  the  same  as  in  the  first  series. 

(c)  GSNBRAL  RS8ULTS.— The  Hamburg  tests  were  the  first  to  determine  the  strength 
of  wrought  iron  and  cast  iron,  applied  as  cc^umns,  under  central  load  and  symmetrical 
heating.  The  column  temperatures  reported,  regarded  as  tiiose  of  the  metal  at  failtue# 
were  without  doubt  higher  than  the  actual  temperatures,  due  to  the  methods  of 
measurement  employed.  As  oolumn  tests  they  are.<^>en;  to  <^tueotion  in  that  only 
about  one*third  of  the  column  length  was  heated.  The  tests  on  protected  columns 
while  giving  little  information  on  the  effectiveness  of  covering  materials  now  in  use. 
proved  conclusively  the  great  gain  in  fir^  rrsi stance  attainable  by  protecting  the 
metal  with  materials  of  low  heat  conductivity. 

With  regard  to  water  application  on  •cast-iron  ooliimns  at  high  temperature,  the 
results  are  not  conclusive,  since  in  almost  all  tests  the  columns  had  sustained  large 
deformations  by  failtire  in  the  fire  test  before  water  was  applied. 

4.  FIRB  TBST  OF  COLUMN  AT  VIElfNA  « 

In  1893  the  Building  Department  of  Vienna  conduced  a  fire  and  water  test  on  a 
single  wrought-iron  column  1 1}4  feet  kmg,  buik  up  of  two  $y^4sadL  fjhaimels  connected 
by  lattice  bars.  The  column  was  protected  by  brickwork  s}4  inches  thick ,  laid  in  fire 
day  mortar,  the  interior  of  the  column  being  unfilled. 

The  furnace  was  of  brick  ft  by  la  feet,  and  with  height  equal  to  theoolumn  length. 
Wood  piled  3  to  4  feet  h^  was  used  for  fuel,  and  the  temperatures  of  furnace  and 
oolumn  were  indicated  by  alloys.  Load  was  applied  to  the  oolnnm  section,  using 
a  long  lever.  After  a  fire  test  of  sK  honxB  duration,  wherein  lumaoe  temperatures 
evidently  much  in  excess  of  400^  C  were  attained,  a  hose  stream  was  applied  to  ona 
side  of  the  column. 

The  only  apparent  damage  caused  by  the  combined  test  was  considerable  spalUng 
of  the  bricks  at  the  oomen,  crackmg  cd  bricks  in  the  upper  half  of  the  covering,  and 
washing  away  of  some  of  the  mortar.  The  maximum  temperatare  indicated  inside 
of  the  coluam  was  65^  C. 

*  BncineerinsKcwt,  tt,  p.  184;  Sept.  6, 1894.  Twmltton  of  Mticle  in  Zeitsdirtft  dm  OefUrckbcacfaai 
Ingcn.  Q.  Afch.  Vcrdn. 
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Fire  tests  of  unprotected  oolttmns,  two  of  straetaral  steel  a»d  two  <^  cast  inm,  and 
ft  fire  and  water  test  of  one  tmpfotected  cast-^ron  cc^nnin,  wei«  made  in  1S96 1^ 
direction  oi  a  committee  appointed  by  the  Tteiff  Assodation  of  New  York,  the  Aidd- 
lectnral  League  of  New  Yorlc,  and  tl^  American  Society  of  Ifedianica!  Bngiineets. 

The  steel  columns  were  14  feet  long,  one  being  a  box  section  built  up  of  two  lo-indi 
dumnels  and  two  xa  by  X  u>^  plates,  and  the  other  a  Z-bar  section  consisting  of  four 
4  by  A  iiich  Z-bars  riveted  toa  plate  ^K^nch^^de,  other  details  of  design  beii^  in 
accord  with  accepted  standards  of  practice.  The  cast^iion  colunms  were  13  feet  long, 
of  8-inch  outside  diameter  and  i-inch  wall  thickness,  and  were  cast  in  horizontal  posi- 
tion with  dry-sand  core,  the  ends  being  flanged  and  end  bearings  madiined. 

The  cohimns  were  tested  in  vertical  position  within  a  furnace  chamber  about  xa  feet 
square  and  14  feet  high,  the  fuel  used  being  pioduoergas  admitted  by  bumers  extend- 
ing through  the  floor  of  the  furnace.  Air  was  siqiplied  through  openings  in  the  floor 
near  the  gas  inlets.  Arrangements  were  made  for  intensifying  the  fire  when  necessary 
by  injecting  a  naphtha  spray  into  the  gas  main  supplying  the  burners.  I/>ad  was 
applied  to  the  column  wi6iin  a  restndningframe  of  structural  steel  by  a  hydraulic  ram 
placed  beneath  the  column,  filler  blocks  of  cast  kon  transmitting  the  kMtd  to  the 
column. 

In  the  fire  tests  it  was  intended  to  subject  the  oohmms  to  woridng  loads,  and  for 
one  test  each  of  steel  and  cast^hxMi  columns  to  use  a  ^low  and  a  rapid  furnace  tem- 
perature rise.  PorttBce  temperatures  were  measured  with  an  Uhling-Steinbart 
trottspiratioo  pyrometer.  Temperatures  on  tite  metal  of  the  cc^umns  were  not  meas- 
ured in  any  of  the  tests. 

In  the  test  of  the  plate  and  diannel  column,  using  a  ^ow  temperature  rise,  a  fumaoe 
temperature  of  abotrt  650^  C  was  attained  in  one  hour,  wi^di  temperature  maintained 
lor  about  20  minutes  caused  the  steel  to  show  red  c6lo^  and  foil  under  a  load  of  6400 
pounds  per  square  inch,  trouble  trith  the  hxiding  equipment  preventing  the  applica- 
tion of  the  full  working  load. 

The  Z  bar  column,  tested  under  full  worldng  load  of  xi  000  pounds  per  square  inch 
and  rapid  furnace  temperattu-e  rise,  failed  15  minutes  after  the  beghming  c^  the'  test. 
A  maximtun  furnace  temperature  of  about  750^  C  was  indicated  at  14  minutes,  which 
fell  off  to  600''  C  at  failure. 

The  cast-iron  columns  were  tested  tinder  working  load  of  7700  pounds  per  square 
inch.  la  the  te^  with  stow  temperature  rise  the  column  began  to  show  odor  after 
65  mttttiftes'  fire  expoture,  the  furnace  temperature  being  near  doo^  C  After  another 
18  minutes,  during  which  the  furnace  temperature  averaged  640?  C,  the  gas  was  shut 
off  and  the  ftunace  door  opened  for  9  minutes,  wlxich  disctosed  the  test  colttnin  to  be 
decidedly  red  and  bent.  The  door  was  ckxRd  and  the  test  contixnied  at  lower  furnace 
temperature  Cor  aS  minutes,  the  column  sustaining  its  load,  aldiough  greatly  bent. 
No  cracks  devdoped.    The  permanent  lateral  defleetian  was  3K  inches* 

The  cast-icon  ocdutam  tested  with  rapid  tempexatnre  rise  had  deflected  a  vidble 
amount  at  35  jouanteaand  began  to  show  color  at  39  minutes,  the  furnace  temperobDe 
at  this  time  being  730^  C.  It  failed  at  43  minutes  with  complete  fracture  across  the 
section  near  the  middle. 

In  the  fire  and  water  test,  water  was  applied  at  loor  successive  timea  following  fire 
exposures  of  inoteaibig  ixitensity.  Before  the  third  a^xlscation  the  fktmace  tempera* 
ture  was  580^  C,  and  the  column  showed  color.    Immediately  before  the  last  waiter 

'  Tnutt.  Am.  S^c  of  M«h.  Eflg.*  18^  p.  «4,  idtfi-^Bgir* 


Digitized  by 


Google 


Fife  Tests  of  ButUing  Columns  373 

appHeatton  «-h]fiiaoe  temperature  c^  700^  C  was  iantkated,  attd  the  ctAmm  ^was  red 
and  bait*  N4  craeka  develaped.  The  pfkaaatatt  lateral  d^flaetian  was  3K  i^c^eft. 
'  the  teals  made  appawt  that  umprotected  metal  colunuia  will  fail  ih  fires  ti  nod- 
eiate  inafw^  after  a  eoo^Nntival^f -shnt  «xpeaata>  tine  atoel  eakutms  being  tets 
resistive  than  those  of  cast  iron  under  the  respective  unit  toads  forwhkh  IflM  two  typte 
are  gencrally^  designed^  Injury  to  easttem  ooluiiaia  d«e  to  water  application  ^^e 
hotia#inihitfrbalnipMbable-^(rMi<olannia«f'thayiV«npf^^  tnietests|[i^ 

little  infonnationtm  the  teaipcaaiatein  the  matol  atlaadPodraaPliBitiitotteiefeaiat- 
anoe  under  comparable  fire  conditions. 

6.  WAITB'8  TB8T8  * 

In  1903  the  Guy  B.  Waite  Co.,  of  New  York,  conducted  some  fire  and  water  tests 
on  floors  and  partitions,  imder  the  supervision  of  the  Manhattan  Bureau  of  Buildings, 
constructing  to  that  end  a  reinforoed-concrete  test  house,  in  which  were  placed,  for 
the  purpose  of  studying  incidentally  the  behavior  of  column  coverings»  a  reinforced- 
concrete  colimm  made  with  stone  aggregate,  proportion  of  mixture,  1:9:4,  and  two 
cast-iron  columns,  one  of  which  was  covered  with  i}4  inches  of  pooved  cinder  con- 
crete of  proportion  x  :  5,  Portland  cement,  and  hard-coal  dndeis,  the  other  with  a 
gypsum  and  cinder  composition. 

The  reinforoed-concrete  column  was  considerably  pitted  by  water  tan  a  z>i-inch 
nozsle  at  60  pounds'  pressure  after  it  had  been  subjected  for  4  hours  to  a  test  &e  with 
average  temperature  of  about  930^  C.  The  cinder-concrete  covering  was  in  excellent 
condition  after  it  had  gone  throu^^  the  same  test,  and,  in  addition,  three  tests  of 
z-hour  duration  with  water  application  at  the  end  of  each.  The  gypsum  covering 
Appeared  in  good  conditian  at  the  end  of  a  single  fire  test,  but  on  water  i^lication 
it  was  partially  washed  away. 

7.  TB8T8  BT  McFABLATfD  AND  JOHRSOB* 

Tests  to  determine  the  effect  of  fire  and  water  on  the  strength  of  reinforced-concrete 
columns  were  made  in  1906  by  H.  B.  McFarland  and  E.  V.  Johnson  at  the  Chicago 
laboratory  of  the  National  Fireprot>nng  Co. 

The  coltmms,  three  in  number,  about  loj/i  inches  square  and  12  feet  long,  were 
made  of  i  :s  -.4  limestone  concrete  and  reinforced  with  f^-inch  rods  placed  near  the 
comers.  Two  columns  were  tested  in  compression  at  normal  temperature  at  age  of  a 
months  and  3K  months,  respectively,  and  sections  5  to  6  feet  long  cut  from  them  out- 
side of  the  region  of  failure  for  use  in  the  fire  test.  One  of  these  specimens  was  covered 
with  3-inch  solid  porous  clay  tile  and  the  other  was  tested  unprotected,  and  after  the 
fire  test  subjected  to  water  application.  The  third  column  was  cut  in  two,  one  part 
for  use  in  the  fire  test  and  the  other  for  a  comparable  compresmon  test  at  normal  tem- 
perature.   The  age  ol  all  columns  was  23  months  at  the  time  of  the  fire  test. 

The  three  specimens  were  placed  on  end  in  a  wood-fired  furnace  and  subjected 
imder  no  load  to  a  3-hour  fire  test.  Furnace  temperatures,  as  indicated  by  a  Bristol 
tiiermoelectric  pyrometer,  ranged  from  800  to  1000^  C  for  the  greater  portion  of  the 
period.    On  the  day  following  the  fire  test  they  were  tested  in  compression. 

The  section  protected  by  clay  tile  was  little  affected  by  the  test  and  developed 
compressive  strength  of  3x37  pounds  per  square  inch.  An  18-inch  long  specimen  cut 
from  the  same  column  but  not  subjected  to  fire  test  developed  3558  pounds  per  square 
inch.  The  specimen  to  which  water  was  allied  after  the  fire  test  failed  in  the  com- 
pression test  at  674  pounds  per  square  inch.    The  column  from  which  it  was  cut  had 

•  Rngjnming  News.  M,  p.  316;  Sept.  ao.  1906. 
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developed  aii6  pcmnda  ptf  aqiitfe  iach  at  age  of  3>i  iDQBtlis,  the  five  And  imtcr  tfeat- 
mcnt  lunriag  apparently  caiiaad  a  decidad  decreaae  m  atrcnctli.  A  ttmilar  e&ct 
was  indicated  in  the  caae  of  the  tldfd  sp^mrm,  its  atrength  being  7x1  poonda  per 
aqtiace  inch,  against  9565  pounda  per  aqnate  inch  for  the  aectioa  of  t]»e  same  cohmn 
that  waa  not  expoaed  to  fife* 

The  lafge  irdnrtiiT  in  atength  Jngtatned  by  the  nnpcoteofeed  orivmna  oan  be 
aacribed,  in  part,  to  their  aoBMll  aiae,  lafgsr  eohuntta  being  aubjiMt  to  aoMUer  pofloest- 
age  reduetion  in  atBC0gth4na  to  surface  damage  tern  fire  < 

Washington,  June  4,  1920. 
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EXPERIMENTS  ON  COPPER  CRUSHER  CYLINDERS 


By  Alexander  I.  Krymtaky 


ABSTRACT 

The  experiments  cxinsisted  of  compression  tests  on  a  standard  Riehl^  testing  machine. 
The  results  of  these  compressions,  carried  out  on  annealed  copper  cylinders,  one  set 
having  a  mean  length  of  0.4000  inch  and  the  others  0.5000  inch,  with  a  mean  diameter 
of  0.2260  inch  in  the  former  and  0.2500  and  0.2250  inch  in  the  latter  ones,  suggest  that 
the  length  of  the  cylinders  decreased  considerably  under  repeated  application  of  the 
same  and,  within  certain  limits,  of  smaller  loads. 

In  the  case  where  the  load  is  applied  in  such  a  manner  as  to  produce  the  maximtun 
stress  for  only  an  instant,  the  duration  of  an  application  of  load  has  but  little  effect 
on  the  decrease  in  length  of  the  cylinders,  but  the  application  of  the  same  load  by 
holding  the  beam  balanced  through  an  additional  application  of  this  load  causes  about 
twice  the  decrease  in  length  as  compared  with  that  obtained  by  a  single  application  of 
load.  When  two  successive  loads  of  considerable  amount  di£fering  by  increments  of 
about  2000  pounds  per  square  inch  are  applied,  the  second  being  greater  than  the  first, 
the  change  in  length  due  to  the  last  load  is  greater  than  that  obtained  where  the  pres- 
sure is  applied  on  previously  uncompressed  cylinders,  and  this  difference  decreases 
as  the  difference  between  the  two  loads  successively  applied  increases,  so  that  when 
the  difference  between  the  loads  reaches  a  certain  value  the  change  of  length  due  to 
the  last  load  applied  is  practically  independent  of  the  previous  load. 

It  appears  probable  that  aging  at  temperattures  within  the  range  o-ioo^  C  softens 
the  compressed  copper  somewhat. 
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I.  INTRODUCTION 

1.  TWO  METHODS  FOR  MEASURBMENT  OF  PRESSURE  OF  GASES  IN 
TESTING  OF  POWDER  AND  AMMUNITION 

Among  many  methods  and  apparatus  *  proposed  for  the  meas- 
urement of  pressure  developed  by  the  products  of  decomposition 
of  powder  in  the  testing  of  powder  and  ammunition  there  are  two 
methods  which  up  to  the  present  time  are  commonly  employed 
in  practice;  that  is  (i)  the  so-called  dynamic  method  and  (2)  the 
method  of  measuring  pressure  by  means  of  metallic  cylinders, 
usually  copper  or  lead  cylinders,  known  as  crusher  cylinders. 

The  dynamic  method  consists  of  determining  the  velocities  of 
the  gtm  in  recoil  or  of  the  shot  at  different  points  of  the  bore. 
The  difference  of  the  velocities  divided  by  the  corresponding 
differences  of  the  time  equal  the  acceleration.  The  pressure 
required  to  produce  the  observed  acceleration  in  a  body  whose 
mass  is  that  of  the  gim  or  of  the  projectile  is  obtained  by  multi- 
plying the  acceleration  by  the  mass. 

The  crusher-gage  method  was  proposed  in  1868  by  Noble,  and  up 
to  the  present  time  is  regarded  as  the  most  convenient  known 
method  for  obtaining  an  idea  of  the  relative  values  of  pressures 
in  guns. 

There  is  a  metal  cylinder  set  on  an  anvil.  On  firing,  the  pressure 
of  the  gases  shortens  the  cylinder  longitudinally.  The  amount  of 
this  compression,  with  a  previously  prepared  table,  so-called  tarage 
table,  serves  to  determine  the  maximum  pressure  of  the  products 
of  decomposition.  For  the  testing  of  small  arms  a  special  barrel 
is  used.     For  example,  in  Figs,  i  and  2,  a  pressure-gage   outfit 

*  It  may  be  mentioned  here  that  two  types  ol  registering  apparatus  proposed  very  recently  appear  rtry 
promising,  and  they  possibly  will  find  common  use  in  the  near  future.  One  of  these  was  proposed  bf 
Prof.  A.  G.  Webster,  of  Clark  University,  and  the  other  is  designed  to  coordinate  time  and  pressure 
within  a  large  cannon,  upon  which  Dr.  H.  h.  Curtis  and  associates,  of  the  electrical  division  of  the  Bureau 
ol  Standards,  are  working. 
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for  Russian  0.3-inch  revolver  is  shown :  O  =  a  special  barrel;  h  =  BXi 
immovable  piston  fixed  rigidly  in  its  position  by  means  of  nut  r 
and  spring  s;  m  =  a  movable  piston.  Between  pistons  h  and  m 
crusher  cylinders  are  placed.  By  turning  the  nut  r  the  crusher 
cylinder  may  be  tightened  between  these  two  pistons. 

2.  COPPER  CRUSHER  CYLmDERS 

In  the  present  paper  only  copper  crusher  cylinders  will  be  con- 
sidered. Dimensions  of  copper  cylinders  vary  in  different  coim- 
tries  and  for  pressiu-e  testing  of  different  grades  of  ammunition 
and  powder. 

For  example,  some  dimensions  of  copper  crushers  are  as  follows: 


A 

B 

C 

D 

Dlaiiififer 

mm 
3 
4.9 

mm 

8 
13 

Inch 

aa26o 

.4000 

Inch 
a  2520 

n^lfht                     r 

.5000 

The  copper  must  be  exceptionally  piu-e,  and  the  whole  process 
of  manufacture  of  copper  crushers  should  be  standardized  with 
extreme  care. 

3.  PREPARING  DATA  FOR  TARAGE  TABLE 

In  preparing  these  data  the  copper  cylinders  are  slowly  com- 
pressed by  applying  the  loads  and  measuring  the  amotmt  of  com- 
pression at  each  load.  The  load  for  each  compression  remains 
active  for  about  15  seconds.  Ch.  B.  Wheeler,*  from  his  experi- 
ments, foimd  it  might  safely  be  assumed  that  at  the  end  of  15 
seconds  the  copper  is  practically  in  equilibrium  with  its  load  and 
that  any  fiuther  application  of  load  produces  no  effect. 

Influence  of  the  friction  of  the  testing  machine  is  of  great 
importance  in  the  construction  of  tarage  tables.  As  early  as 
1 89 1  this  was  demonstrated  by  Vieille,  who  showed  that  neglect 
of  this  factor  was  responsible  for  the  erroneous  French  crusher 
tables. 

This  point,  states  F.  W.  Jones,*  must  be  insisted  upon  because 
experiments  in  some  quarters  assume  friction  is  of  no  account,  a 
conclusion  to  which  they  are  driven  because  no  provision  has  been 
made  in  the  design  of  their  testing  machine  for  applying  the  load 
with  friction  acting  alternately  back  and  forth. 

'Report  of  Experiments  wHh  an  S-inch  B.  L.  Rifle  Mounted  on  •  Free  Recoil  Carriage,  by  Ucat.  Ch.  B* 
Wheeler,  Ordnance  Construction.  Notes  69-85.  PP-  46-56;  Jan.,  1896. 
*  A  Standard  Pressure  Table  for  Copper  Crushers,  by  P.  W.  Jones.  Arms  and  Bxplosivet,  Jmie  1, 1918. 


Digitized  by 


Google 


Experiments  on  Copper  Crusher  Cylinders  7 

4.  COMPARISON  OF  PRESSUR£S  nVDICATBD  BT  DYNAMIC  AND  CRUSHER- 
GAGE  METHODS 

The  dynamic  method  shows  a  pressure  which  is  less  than  the 
true  pressure  expected  in  the  gim,  as  it  takes  no  accoimt  of  the 
pressure  required  to  overcome  the  friction  of  the  projectile  in  the 
bore  and  to  rotate  the  projectile. 

Comparing  now  the  dynamic  method  and  the  crusher-gage 
method,  we  find  that  the  latter  gives  pressures  which  are  less  than 
those  shown  by  the  dynamic  method. 

According  to  B.  W.  Dtmn,*  imder  ordinary  service  conditions 
(since  the  time  required  by  powder  pressiu^e  to  reach  a  maximum 
is  less  than  0.003  second  or  about  o.ooi  second)  the  probable 
errors  with  the  crusher-gage  method  will  be  greater  than  5000 
potmds  per  square  inch. 

The  quicker  the  powder  the  greater  is  the  excess  of  actual  over 
indicated  pressures  and,  for  this  reason,  the  error  of  the  crusher 
gage  is  greater  for  small  arms  than  for  cannon. 

5.  NECESSITY  OF  PRELIMINARY  PRECOMPRESSION 

Though  the  crusher-gage  method  is  very  old,  there  remains  up 
to  the  present  time  a  problem  of  great  importance — the  necessity 
of  precompression.  It  has  been  stated  by  many  experimenters 
that  copper  cylinders  should  be  precompressed  at  a  certain  pres- 
siu-e  before  using  for  test.  Capt.  Blunt,*  F.  W.  Jones,®  Marshall,^ 
and  others  state  that  copper  should  be  compressed  beforehand 
with  a  static  pressure  only  slightly  less  than  that  which  it  is  to 
imdergo  in  the  actual  test. 

Col.  W.  H.  Tschappat*  states  that  when  the  pressure  in  the 
gun  is  high  and  quickly  developed,  it  is  at  first  very  much  greater 
than  the  resistance  offered  by  the  copper  cylinder.  The  excess 
of  pressure  over  resistance  in  this  case  accelerates  the  mass  of  the 
piston  and  develops  considerable  velocity  in  it.  The  energy  of  the 
piston  due  to  this  velocity  is  finally  absorbed  by  fiuther  compres- 
sion of  the  copper;  but  in  the  early  stages  of  compresssion  the 
mass  of  the  piston  prevents  as  great  a  compression  as  would  be 

*  Report  of  Development  ot  •  Photoretaidognii^  and  Its  Application  to  the  Dynamic  Meastuement  of 
Resistance  to  Compression  Offered  by  the  Copper  Cylinders  Used  in  Crusher  Gages,  by  Lieut.  B.  W. 
Dunn,  Ordnance  Construction  Notes,  pp.  69^5:  Jan.  13, 1896. 

>  Report  of  Capt.  Blunt,  Report  of  Chief  of  Ordnance,  pp.  929-943;  1893. 

*  F.  W.  Jones,  Lectures  to  Youns  Gunmakers,  Arms  and  Explosives,  p.  58,  April,  1901,  and  p.  139,  Match, 
X913. 

T  Marshall,  Explosives,  p.  363. 

"  Lieut.  Col.  W.  H.  Tschappat,  Ordnance  and  Gunnery,  pp.  xox-103:  19x7. 
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obtatned  if  the  pressure  acted  directly  upon  the  copper  C3dmder 
instfad  of  through  the  piston* 

It  is  therefore  desirable  to  reduce  the  energy  of  the  piston  as 
much  as  possible,  and  this  may  be  done  in  two  ways:  By  reducing 
its  weight  and  by  Umiting  its  travel  and  accompanjong  velocity. 
As  far  back  as  1883  Sarrau  and  Vieille  •  *•  showed  that  defor- 
mation of  copper  cylinders  depends  upon  the  weight  (mass)  of 
the  piston  through  which  the  pressure  is  communicated.  Usually 
the  piston  is  made  as  light  as  possible. 

To  Umit  the  travel  all  copper  cylinders  are  precompressed  by  a 
load,  generally  about  3000  pounds  per  square  inch  less  than  that  ex- 
pected in  the  gun.  According  to  many  statements,  initially  com- 
pressed cylinders  always  record  more  uniform  results  than  the 
uncompressed  cylinders  do. 

Many  investigators  are  of  the  opinion  that  the  influence  of 
many  factors  which  have  an  important  bearing  on  the  results  of 
pressure  testing  are  minimized  by  the  use  of  initially  compressed 
cylinders,  and  they  believe  also  that  it  is  to  their  advantage  to 
check  each  cylinder  by  an  initial  compression.  On  the  other  hand, 
there  is  rather  good  evidence  that  very  uniform  results  may  be 
obtained  with  imcompressed  cylinders  when  they  are  made 
extremely  imiform. 

Thus,  as  was  said  above,  the  necessity  of  precompression  up  to 
the  present  time  is  rather  an  open  question.  In  order  to  obtain 
some  more  data  for  the  solution  of  this  problem,  experiments  were 
started  by  the  Bureau  of  Standards  in  connection  with  the  stand- 
ardization of  the  crusher-gage  method  for  presstu-e  testing  of 
small  arms,  ammunition,  and  powder."  So  far,  the  experiments 
have  been  confined  to  static  tests;  these  are  described  in  this 
paper.  The  experiments  were  carried  out  in  19 19;  they  consisted 
of  a  series  of  compressions  of  the  cylinders  on  a  standard  10  000- 
potmd  Riehl6  Brothers  testing  machine,  and  some  microscopic 
examinations  of  their  longitudinal  and  cross  sections.  The  results 
are  given  in  the  tables  and  diagrams,  so  that  few  explanatory 
notes  are  required. 

*Sttmiu  et  Vieille,  Btude  sur  TBrnploi  des  Manom^res  poorlaMesuie  des  Presnont  D6relopp<es  par  le 
Substances  Bxplosives. 

u  The  Interior  Ballistic,  by  Col.  Pashkevitch.  translated  from  Russian  by  I4eut.  Taslcer  H.  Bliss. 

u  The  standardization  of  the  crusher-gage  method  was  started  by  Dr.  P.  D.  Merica  under  the  supetvisioa 
of  Dr.  O.  K.  Burgess. 
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n.  COMPRESSION  TESTS 
1.  METHODS  OF  COMPRESSION 

The  rate  of  compression  was  always  about  0.07  inch  per  minute. 
Duration  of  load  after  balance  was  obtained  in  most  cases  was 
about  2>^  seconds,  during  which  time  the  beam  was  notf  ailing  down. 

Two  methods  of  appljdng  the  load  were  used: 

(i)  There  was  single  application  of  load.  As  soon  as  balance 
was  obtained,  the  load  was  removed;  or  in  some  cases  the  load 
was  removed  after  a  certain  period — 5  or  25  seconds. 

(2)  After  the  balance  was  obtained,  which  was  always  followed 
by  drop  of  the  beam  about  3  seconds  after  original  balance,  the 
balance  of  beam  was  maintained  by  reapplying  the  same  load. 

2.  MEASUREMENT 

The  measurements  were  then  made  with  a  i/io  ooo-inch  microm- 
eter. Meastu-ements  of  length  were  taken  with  the  cylinders 
placed  in  the  micrometer  centrally,  each  length  being  meastured 
several  times  and  only  the  minimum  length  recorded.  Diameters 
were  measured  several  times  and  the  average  recorded.  After 
compression  the  cylinders  have  a  barrel  shape  and  in  some  cases 
two  diameters  of  each  cylinder  were  meastu-ed;  that  is,  diameter 
of  base;  also  diameter  of  cross  section  midway  between  the  bases. 

The  diameter  of  the  cross  section  midway  between  the  bases 
is  called  "maximum"  in  the  tables,  and,  as  was  stated,  it  is  an 
average  value  of  several  measurements.  The  diameter  of  the 
base  is  called  '*  minimum ''  and  is  also  an  average  of  several  meas- 
lu-ements.  The  minimum  diameter,  because  of  the  difficulty  of 
obtaining  the  exact  meastu-ement,  is  only  an  approximate  value. 

3.  PLAN  OF  DESIGNATION 

There  are  two  lots  of  copper  crusher  cylinders  both  annealed 
at  1200°  F  at  the  same  plant,  but  at  different  times.  These 
two  lots  are  here  called  Series  No.  i  and  Series  No.  2. 

There  are  also  two  other  sets  annealed  at  another  factory  at  1000° 
F  and  1200°  F,  respectively,  and  called  Series  No.  3.  The  dimen- 
sions are  given  in  inches,  time  in  seconds,  weight  in  poimds.  Certain 
figures  omitted  were  disregarded  in  drawing  up  the  average  as  doubt- 
ful for  various  reasons.    The  following  symbols  will  be  used : 

L  =  initial  length  of  cylinders. 

D  =  initial  diameter  of  cylinders. 

A  =  initial  cross-sectional  area. 

Li  =  length  of  cylinders  after  the  first  compression. 

La  =  length  of  cylinders  after  the  second  compression,  and  so  on. 
21607*^—21 — 2 
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Z?i —diameter  of  cylinders  after  the  first  compressioii. 

Z?3  =  diameter  of  cylinders  after  the  second  compression,  and 

so  on. 
L— Li  =  change  in  length  of  cylinders  after  first  compression. 
L—La= change  in  length  of  cylinders  after  the  second  com- 
pression, and  so  on. 

4.  RESULTS  OF  COMPRESSION  TESTS 

(«)  EZPBRIBCBirTS  ON  RBPSATBD  APPUCATION  OF  8AMB  AND  OF  SMALLER  LOADS 

TABLE  1.— Experiments  <m  Repeated  Application  of  Same  and  of  Smaller  Loads 

Li^toncth  of  qrlinden  after  tpglyliic  preaiaio  of  30  000  ltM./iii.sfor  tbouf  30  aeoondi. 
Lv- length  of  cjUnden  after  app^ing  preaaore  of  40  000  lba./iii.s  lor  about  30  aeconda. 
Lf- length  of  cyUnders  after  applying  preaaore  of  (Note  a)  and  (Note  b)  Ibajin.'  lor  about  30 
L«*  length  of  cyttndera  after  laying  preaaore  of  38  000  lb&.flnJ  lor  aboot  2^  aeoonda. 
I4— length  of  cyUnders  after  applytaig  pieaeare  of  36  000  lba./in.s  lor  about  2,4  aeconda. 
L«* length  of  cyUndera  after  app^ing  pieaaare  of  34  000  lba./in.s  for  aboot  2Keeconda. 
Lr-length  of  cyllndeca  after  applying  pieaaare  of  30  000  Iba./ln.*  lor  about  2^  aeconda. 
Ls— length  of  cyUndera  after  applying  preaaore  of2S0001bo.^.sior  aboot  2H  aeconda. 


No. 

L 

D 

A 

Load 
eqolva- 
lent  to 
30000 
Iba.^> 

L-Li 

Di 
maxi- 
mnv* 

Load 
equiva- 

iMlttO 
40000 
Iba.^s 

L-U 

maxi- 

Load 
equtva- 
iratto- 
(Seea 
or  6) 

L-U 

Load 
equiva- 
lent te 
38  000 
lba./fai.s 

1 

Inch 
15004 
.5009 
.5003 
.5006 
.5004 
.4996 
.5009 
.5010 
.5013 
.5003 

Inch 
}.2514 
.2516 
.2516 
.2517 
.2514 
.2516 
.2517 
.2517 
.2518 
.2517 

Inch* 
).0495 
.0497 
.0497 
.0497 
.0495 
.0497 
.0497 
.0497 
.0497 
.0497 

Lba. 
1485 
1491 
1491 
1491 
1485 
1491 
1491 
1491 
1491 
1491 

Inch 
X0494 
.0490 
.0484 
.0485 
.0487 
.0482 
.0482 
.0501 
.0480 
.0492 

Inch 
0.2672 
.2675 
.2675 
.2678 
.2669 
.2673 
.2677 
.2673 
.2672 
.2673 

Lba. 

1980 
1988 
1988 
1988 
1980 
1988 
1988 
1988 
1988 
1988 

Inch 
0.0814 
.0786 
.0786 
.0802 
.0786 
.0799 
.0799 
.0794 
.0786 
.0798 

Inch 
0.2780 
.2778 
.2768 
.2781 
.2772 
.2784 
.2780 
.2777 
.2774 
.2777 

Lba. 
a  1980 
a  1988 
a  1988 
a  1988 
a  1980 
^1888 
5  1888 
5  1888 
5  1888 
51888 

Inch 

).0816 
.0810 
.0623 
.0806 
.0820 

Lba. 
1881 

2 

1888 

3 

1888 

4 

1888 

5 

1881 

6 

1888 

7 

1888 

8 

1888 

9 

1888 

10 

1888 

Ave 

rago-T 

.0488 

.0795 

.0615 

No. 

Z.-L4 

mail- 
mom 

Di 

mini. 

mom 

Load 
eqoiva- 
lentto 
36000 
Iba.^2 

Z.-L6 

Load 
equiva- 
lent to 
34  000 
lba.^9 

L-U 

Load 
equiva- 
lent  to 

30000 
lbB./fai.> 

Di 
maxi- 

Di 
mini- 

L-Z.T 

Load 
equiva- 
lent to 

25  000 
Iba./in.t 

L-Li 

1.... 

Inch 

Inch 
0.2790 
.2790 
.2780 
.2800 
.2790 
.2790 
.2795 
.2790 
.2780 
.2785 

Inch 
0.2669 
.2669 
.2660 
.2645 
.2660 
.2650 
.2650 
.2669 
.2650 
.2660 

Lbs. 
1782 
1789 
1789 
1789 
1782 
1789 
1789 
1789 
1789 
1789 

Inch 

0.0842 
.0851 
.0850 
.0862 
.0848 

Lba. 
1683 
1690 
1690 
1690 
1683 
1690 
1690 
1690 
1690 
1690 

Inch 

Lba. 
1485 
1491 
1491 
1491 
1485 
1491 
1491 
1491 
1491 
1491 

Inch 

0.2795 
.2795 
.2785 
.2805 
.2790 
.2796 
.2788 
.2798 
.2800 
.2795 

Inch 
a  2679 
.2675 
.2675 
.2675 
.2675 
.2675 
.2675 
.2675 
.2675 
.2675 

Inch 

a  0867 
.0665 
.0863 
.0680 
.0866 

Lba. 
1237 
1243 
1243 
1243 
1237 
1243 
1243 
1243 
1243 
1243 

Inch 

2.... 

3.... 

4.... 

5.... 

6.... 
7.... 
8.... 
9.... 
10.... 

0.0837 
.0842 
.0843 
.0835 
.0635 

0.0861 
.0861 
.0859 
.0877 
.0862 

0.0867 
.0672 
.0664 
.0880 
.0868 

Ay. 

.0838 

.0651 

.086<( 

.0868 

.0670 

a  Load  in  pounds  equivalent  to  40  000  Ibs^in.*  5  i^oad  in  pounds  equivalent  to  38  000  lt>sVin.* 


Digitized  by 


Google 


Experiments  on  Copper  Crusher  Cylinders 


II 


Notes  on  Table  i. — Experiments  were  made  upon  copper 
crusher  cylinders  of  Series  I.  The  first  and  second  compressions 
were  made  January  31,  191 9.  The  third  compression  was  made 
February  13,1919.  All  three  compressions  were  made  under  con- 
dition (2),  stated  above,  keeping  beam  balanced  for  about  30 
seconds  after  balance  was  obtained.    The  rest  of  the  compressions 


^^  J6  JK  ^s  ^^ 

TTiousancf  pourx/s    per  sf.  /n. 

FJo.  ^r— Change  of  length  of  copper  cylinders  upon  compression 

(compressions  4-8)  were  made  May  17-19,  191 9,  under  condition 
(i),  with  single  application  of  load  for  about  2>^  seconds. 

As  is  shown  in  Fig.  3,  the  length  of  the  copper  cylinders  decreases 
considerably  under  repeated  application  of  the  same  and  even 
smaller  loads;  this  is  in  spite  of  the  fact  that  the  first  three  com- 
pressions were  made  keeping  the  beam  in  a  balanced  position  for 
about  30  seconds. 
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TABLE  2.— Experiments  on  Repeated  Application  of  Decreasing  Loads 

Jt^a  length  of  cylinders  after  tpplying  preeture  of  30  000  llM./in.'  lor  tbotst  30  seconds. 
Lr- length  of  cylinders  after  applying  pressure  of  28  000  ibs./in.>  lor  aboot  2^  seconds. 
La— length  of  cylinders  after  applying  pressure  of  25  000  lbs./in.>  for  about  2^  seconds. 


No. 

L 

D 

A 

Load 

to  30  000 
Ibs./taLS 

L-Li 

mail- 

Load 

eQulv* 

alent 

to  28  000 

Ibs./hi.< 

L-Li 

Load 

to  25  000 
lbs./hi.> 

U 

Z.-I4 

Inch 
0.5010 
.5001 
.4999 
.5010 
.5006 
.5002 
.4998 
.5000 
.5005 
.5003 

Inch 
0.2517 
.2517 
.2515 
.2517 
.2515 
.2515 
.2518 
.2516 
.2515 
.2514 

Inch* 

0.0497 
.0497 
.0496 
.0497 
.0496 
.0496 
.0497 
.0497 
.0496 
.0495 

Pounds 
1491 
1491 
1488 
1491 
1488 
1488 
1491 
1491 
1488 
1485 

Inch 
0.0486 
.0496 
.0482 
.0475 
.0481 
.0482 
.0468 
.0468 
.0467 
.0482 

Inch 
0.2674 
.2675 
.2671 
.2668 
.2670 
.2670 
.2663 
.2668 
.2677 
.2665 

Pounds 

1391 
1391 
1388 
1391 
1388 
1388 
1391 
1391 
1388 
1386 

Inffh 
0.0491 
.0505 
.0494 
.0496 
.0507 
.0505 
.0483 
.0484 
.0484 
.0501 

Pounds 
1243 

•  1243 
1240 
1243 
1240 
1240 
1243 
1243 
1240 
1237 

Inch 
0.4515 
.4496 
.4502 
.4500 
.4499 
.4487 
.4505 
.4505 
.4503 
.4493 

Koch 

a049S 

.0505 

.0497 

.0510 

.0507 

.0515 

.0493 

.  .0495 

.0502 

10 

.0510 

Average 

.0478 

.0495 

.0503 

1 

^  ^,000 


O^TO 


, 

3 

^^ 

^ 

x^ 

v 

/Jircra^e  change 
in  /cn^th    of  cop- 
p^r  oy//r?'cfcrs  undbr 
ascr/cs    of   com- 
press/ons  of  decrteo^ 
/n^    /niicnsii-y 

• 

1    1    1 

^         

30  ;za  >2^ 

Thau's  C9r?c/  pouncf^    per     Se^.  //?. 

/  Fig.  4. — Change  of  length  of  copper  cylinders  upon  compression 

Notes  on  Table  2. — Experiments  were  made  with  copper 
cylinders  of  same  stock  as  those  of  Table  No.  i .  The  first  com- 
pression was  made  February  i,  191 9,  with  load  of  30  000  pounds 
per  square  inch  appUed  under  condition  (2),  keeping  the  beam 
balanced  for  about  30  seconds. 

The  second  and  third  compressions  were  made  May  20,  191 9, 
with  single  application  of  load  28  000  and  25  000  pounds  per  square 
inch  for  about  2^  seconds  under  condition  (i).  Fig.  4  indicates 
that  repeated  application  of  decreasing  loads  gradually  decreases 
length  of  cylinders  (within  certain  limits). 
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No. 

L 

D 

A 

Load 
equiva- 
lent to 
40  000 
Iba./fai.> 

mazi- 

Di 
mini- 

L-Li 

L-U 

L-U 

1 

Inch 
0.4010 
.4008 
.4005 
.4004 
.4005 
.4002 
.4002 
.4007 
.4004 
.4001 

Inch 
0.2265 
.2260 
.2256 
.2261 
.2262 
.2267 
.2267 
.2262 
.2266 
.2261 

Intht 
a04029 
.04012 
.03997 
.04015 
.04018 
.04036 
.04036 
.04018 
.04033 
.04015 

Pounds 

1612 
1604 
1599 
1606 
1607 
1614 
1614 
1607 
1613 
1606 

Inch 
a2500 
.2485 
.2490 
.2468 
.2483 
.2498 
.2502 
.2493 
.2494 
.2486 

Inch 
0.2350 
.2350 
.2350 
.2350 
.2350 
.2350 
.2350 
.2350 
.2350 
.2350 

Inch 
a  0618 
.0586 
.0608 
.0547 
.0579 
.0602 
.0603 
.0593 
.0592 
.0587 

Inch 

Inch 

2. 

0.0616 
.0645 

0.0638 

3 

.0658 

4               

5 

.0614 
.0630 
.0633 
.0630 
.0624 
.0618 

.0640 

6 

.0646 

7 

.0654 

8 

.0657 

9 

.0644 

10 

.0635 

Avenfe. ......  r  ^  r .  t  ^ , 

.0592 

.0626 

.0646 

No. 

L-U 

Di 
muxl- 

Di 
mnm 

L-U 

maxi- 
mum 

Dt 
mum 

L-U 

L-U 

L-U 

1 

Inch 

Inch 
0.2525 
.2514 
.2514 
.2498 
.2505 
.2519 
.2520 
.2516 
.2519 
.2508 

Inch 
0.2386 
.2386 
.2386 
.2386 
.2386 
.2386 
.2386 
.2386 
.2386 
.2386 

Inch 

0.0687 
.0696 

.0670 
.0702 
.0682 
.0700 
.0693 
.0675 

Inch 
0.2530 
.2517 
.2522 
.2505 
.2510 
.2532 
.2534 
.2526 
.2534 
.2518 

Inch 
0.2405 
.2405 
.2405 
.2405 
.2405 
.2405 
.2405 
.2405 
.2405 
.2405 

Inch 

Inch 

Inch 

2 

0.0673 
.0682 

0.0697 
.0714 

0.0709 
.0736 

0.0735 

3 

.0753 

4 

5 

.0659 
.0670 
.0666 
.0685 
.0675 
.0665 

.0682 
.0708 
.0698 
.0709 
.0717 
.0693 

.0694 
.0719 
.0721 
.0727 
.0734 
.0710 

.0703 

6 

.  0726 

7 

.0740 

8 

.0746 

9 

.0748 

10 

Avenge 

.0672 

.0688 

1 

.0702 

.0718 

.0735 

TABLE  4.— Experiments  on  Repeated  Application  of  Same  Load 


No. 

L 

D 

A 

Load 

equiva- 
lent to 
32  000 

Ibs./in.* 

man- 

Di 
mini- 
mum 

L-U 

Inch 

a4001 
.3998 
.3999 
.4000 
.4002 
.3998 
.4005 
.4002 
.4000 
.3997 

Inch 

a2260 
.2260 
.2264 
.2270 
.2264 
.2264 
.2262 
.2264 
.2264 
.2260 

Inch« 
a  04012 
.04012 
.04026 
.04047 
.04026 
.04026 
.04018 
.04026 
.04026 
.04012 

Poondfl 
1284 
1284 
1288 
1295 
1288 
1288 
1286 
1288 
1288 
1284 

Inch 

a2408 
.2408 
.2409 
.2425 
.2413 
.2410 
.2410 
.2414 
.2414 
.2415 

Inch 

a2295 
.2295 
.2295 
.2295 
.2295 
.2295 
.2295 
.2295 
.2295 
.2295 

Inch 
0.0410 
.0389 
.0388 
.0409 
.0401 
.0391 
.0400 
.0402 
.0404 
.0403 

10 

Average 

1 

.0400 

1 
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TABLE  4.— Ej^eriments  on  Repeated  AppUcation  of  Same  Load— <^ontiniied 


No. 

L-Lt 

L-U 

L-Li 

L-U 

muxi- 
mnm 

tnlnU 

mnm 

L-U 

Inch 

0.0425 
.0407 
.0407 
.0430 
.0420 
.0418 
.0417 
.0426 
.0430 
.0423 

Inch 

0.0450 
.0430 
.0438 
.0444 
.0434 
.0445 
.0432 
.0441 
0456 
.0450 

Inch 

0.0481 
.0445 
.0458 
.0458 
.0445 
.0455 
.0446 
.0461 
.0468 
.0469 

Inch 

a  0492 
.0454 
.0469 
.0473 
.0460 
.0469 
.0472 
.0482 
.0482 
.0480 

Inch 

a  2442 
.2430 
.2438 
.2447 
.2435 
.2435 
.2438 
.2440 
.2430 
.2442 

Inch 

a2345 
.2345 
.2345 
.2345 
.2345 
.2345 
.2345 
.2345 
.2345 
.2345 

Indi 

a  0510 

.0472 

.0488 

.0480 

.0474 

.0477 

.0489 

.0494 

.0497 

10 

.0496 

Awngft 

.0420 

.0442 

.0459 

.0473 

.0488 

TABLE  5. — Experiments  on  Repeated  Application  of  Same  Load 


No. 

L 

D 

A 

Load 

equtvatettt 

to  20  000 

lb8./in.s 

• 

mail- 
mum 

Di 
mum 

L-Li 

Inch 

0.4000 
.4001 
.4000 
.4000 
.4002 
.4000 
.3999 
.4000 
.4000 
.4002 

Inch 

0.2256 
.2257 
.2267 
.2257 
.2263 
.2263 
.2262 
.2255 
.2261 
.2263 

Inch> 
0.03997 
.04001 
.04036 
.04001 
.04022 
.04022 
.04019 
.03994 
.04015 
.04022 

Pounds 
799 
800 
807 
800 
804 
804 
803 
799 
803 
804 

Inch 

0.2315 
.2319 
.2332 
.2328 
.2332 
.2323 
.2328 
.2323 
.2319 
.2324 

Inch 

0.2265 
.2265 
.2270 
.2260 
.2265 
.2270 
.2265 
.2265 
.2265 
.2265 

Inch 
0.0165 

.0161 

.0172 

.0185 

0177 

6 

.0161 

7 

.0172 

.0175 

.0156 

.0164 

Avongo. .  T . . ,  t  T .  - , . .  T , . .  ^ , 

.0169 

No. 

L-Lt 

L-U 

L-Li 

L-U 

mazi- 

nihil- 

L-L« 

1 

Inch 

0.0187 
.0181 
.0182 
.0196 
.0199 
.0173 
.0191 
.0195 
.0164 
.0175 

Inch 

0.0196 
.0194 
.0194 

Inch 

0.0202 
.0207 
.0205 

Inch 
.0213 

Inch 

0.2328 
.2334 
.2343 

Inch 

a2264 
.2264 
.2264 

Inch 
0.0216 

2 

3 

.0218 

4 

5 

.0213 
.0182 
.0204 
.0207 
.0184 
.0188 

.0221 
.0191 
.0212 
.0219 
.0191 
.0205 

.0233 
.0197 
.0228 

.0200 
.0214 

.2352 
.2336 
.2346 
.2338 

2341 
.2340 

.2264 
.2264 
.2264 
.2264 
.2264 
.2264 

.0246 

6 

.0209 

7 

.0235 

8 

.0236 

9 

Q20S 

10 

.0226 

Avttngo 

.0184 

.0196 

.0206 

.0214 

0223 
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Notes  on  Tables  3,  4,  and  5. — ^These  tables  represent  the 
results  of  experiments  with  cylinders  of  Series  No.  2  by  subject- 
ing them  to  repeated  compressions  with  single  application  of 
same  load  for  about  2K  seconds. 

The  repeated  loads  were: 


Tftble 

Load 

3 

Lbl./lB.« 

40  000 
32  000 
20  000 

4 

5 

^  ^nn 

^ 

^ 

1 

^ 

'^^i 

>ooo 

/£>S 

/*» 

•^ 

//? 

^.050 

^ 

1 

^ 

J; 

*ooc 

/As: 

per 

Sf  . 

0 

of    c^pp^r   crusher    cy/incfcrs 
under  repeated   compressions 

. 

^,^ 

J^Oi 

>oo. 

■^s 

per 

S^ 

fn. 

i) 

^ 

X/^//? 

//urr9i:>e^r    of    Comprcss/ons 

Flo.  $.— Change  of  length  of  copper  cylinders  upon  repeated  compression 

All  results  are  shown  in  Fig.  5. 

The  following  conclusions  may  be  drawn  from  these  curves: 
(i)  The  length  of  cyhnders  decreases  considerably  with  the 
number  of  times  the  load  is  appUed. 


Digitized  by 


Google 


i6 


Technologic  Papers  of  the  Bureau  of  Standards 


(2)  This  change  also  decreases  slightly  with  ntimber  of  appli- 
cation of  load  as  the  hardness  of  copper  increases. 

(3)  The  slope  of  the  curve  representing  results  of  rq>eated 
conq)ression  with  the  load  P  is  steeper  than  slope  of  curve  rq)- 
resenting  results  of  repeated  compression  with  the  load  Q  if  load 
P  is  greater  than  Q. 

(lb)  KZPBBIMKRTS  ON  KFfBCT   OF  DUSATIOH  OF  COlCPSBSSiOH  APPLIED  UHDBR 

COHDITIOH  (1) 

TABLE  6.— Eiperiments  on  Effect  of  Ihmtion  of  Compresaion  Applied  Under 

Conditian  (1) 

I^-lenfA  of  qrlinden  after  iVplfInc  pnMdie  of  40  000  IlM.7iiL>  lor  atMot  2|  Mc^ 


No. 


Inch 
0.3999 
.4001 
.4002 
.4000 
.3997 

.3998 
.4001 


Inch 
a22S8 
.2262 
.2266 
.2257 
.2263 
.2260 


.2259 
.2260 


Indl> 
0.04004 
.04018 
.04033 
.04001 
.04022 
.04012 
.04029 
.04008 
.04012 


tenttO 

40000 

ttw^ln. 


LlM. 

1601 
1607 
1613 
1600 
1609 
1604 
1612 
1603 
1604 


L-Li 


N^ 


Inch 
a0587 
.0588 
.0587 
.0570 


.0579  , 
.0591  ! 
.0589  ' 
.0601  i 


10. 
11. 
12. 

13. 
14. 
15. 


!! 


Inch 
a399 
.4002 
.4001 
.3999 
.4000 


Inch 
a2264 
.2260 
.2257 
.2259 
.2264 
.2257 


Inch* 
a04026 
04012 
04001 
04008 
04026 
04001 


lentte 

40000 

Ibt.yin.> 


L-Ia 


Lbs.  I 
1610 
1604. 
160O 

1603| 
1610| 

i6oa 


Inch 
a0583 


.0579 


.0596 
.0592 


.0588 


I 


TABLE  7.— Experiments  on  the  Effect  of  Duration  of  Compression  Applied 
Under  Condition  (1) 
Li— lenglh  of  cyUndofs  alter  apptyfaic  preaaure  of  40  000  flm.ftnJ  lor  about  25 1 


No. 

L 

D 

A 

Load 

eqnivalant 

to40  000 

Iba./in.« 

L-Li 

1 

Inch 
0.3999 
.4002 
.3999 
.4002 
.3999 
.3999 
.3998 
.4001 
.3999 
.4000 
.4002 
.4002 
.4000 
.3998 
.3999 
.3998 

Inch 
0.2256 
.2264 
.2262 
.2265 
.2262 
.2261 
.2256 
.2263 
.2267 
.2262 
.2257 
.2257 
.2264 
.2262 
.2263 
.2261 

Inch* 
0.03997 
.04026 
.04018 
.04029 
.04018 
.04015 
.03997 
.04022 
.04036 
.04018 
.04001 
.04001 
.04026 
.04018 
.04022 
.04015 

Ponnda 
1598 
1610 
1607 
1612 
1607 
1606 
1598 
1609 
1614 
1607 
1600 
1600 
1610 
1607 
1609 
1606 

Inch 
a  0601 

2 

3 

4 

.0594 

5 

0609 

6 

0600 

7 

.0604 

8 

0609i 

9 

0600 

10 

11  

0580 

12 

0608 

13 

0578 

14. ., 

15 

0602 

16 

0611 

Avnago 

0590 
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TABLE  8.— Ezperiments  on  Effect  of  Durttion  of  Compression  Applied  Under 

Condition  (1) 
Li— lenglh  of  qrlindeia  after  applyinc  pieaenre  of  40  000  Iba./ln.>  lor  about  5  ■eoonda. 


No. 

L 

D 

A 

Load 

equivalent 

to  40  000 

lba.^> 

L-Lx 

1  

Inch 
a3999 
.4009 
.4002 
.4001 
.4001 
.3998 
.4002 
.4002 
.3999 
.4000 
.4000 
.4000 
.4002 
.3998 
.3999 

Inch 
a2266 
.2263 
.2256 
.2265 
.2260 
.2258 
.2256 
.2265 
.2265 
.2256 
.2257 
.2267 
.2257 
.2260 
.2259 

Inch* 
0.04033 
.04022 
.03997 
.04029 
.04012 
.04004 
.03997 
.04029 
.04029 
.03997 
.04001 
.04036 
.04001 
.04012 
.04008 

Pounda 
1613 
1609 
1598 
1612 
1604 
1601 
1598 
1612 
1612 
1596 
1600 
1614 
1600 
1604 
1603 

Inch 
0.0579 

2 

.0600 

3 

.0597 

4   

0593 

5 

.0585 

6 

-.0583 

7 

.0592 

8 

.0592 

9 

.0595 

10 

.0586 

11 

.0593 

12 

13 

.0609 

14 

.0595 

15 

.0609 

Averaf e 

.0593 

Notes  on  Tables  6,  7,  and  8. — In  this  case  experiments  were 
made  upon  the  cylinders  of  Series  No.  2.  Experiments  consisted 
of  compressions  of  40  000  pounds  per  square  inch  applied  under 
condition  (i)  for  diflferent periods,  2^,  5,  and  25  seconds.  Average 
changes  in  length  are  0.0588,  0.0593,  and  0.0598  inch,  respectively. 
These  experiments  show  shght  increase  of  total  set  with  increased 
time  of  application  of  load. 

(c)  SZPBRIMBNTS  ON  BFFBCT  OF  TEMPERATURE  OF  ANNEAUITO 

TABLE  9. — Bzperiments  on  Effect  of  Temperature  of  Annealing 
[Theae  copper  cylinders  were  aimeftled  at  1200*  F  (650*  €).] 


No. 

L 

D 

A 

Load 
equiva- 
lent to 
30000 
Ib8./in.s 

maii- 
mum 

L-Li 

Load 

OQuiva- 

lent  to 

35  000 

iba./in.« 

L-L, 

Load 
equiva- 
lent to 
40000 
lb8./hi.s 

L-U 

Inch 

0.5002 

.5000 

.5000 
.5000 
.5003 

.5000 
.5002 
.5001 
.5001 
.4999 
.5002 
.5000 

Inch 
0.2223 
.2225 
.2226 
.2215 
.2221 
.2226 
.2231 
.2228 
.2225 
.2225 
.2218 
.2222 

Inch* 
0.03881 
.03888 
.03892 
.03853 
.03874 
.03892 
.03909 
.03899 
.03888 
.03888 
.03864 
.03878 

Pounda 
1164 
1166 
1168 
1156 
1162 
1168 
1173 
1170 
1166 
1166 
1159 
1163 

Inch 
0.2355 
.2356 
.2359 
.2342 
.2351 
.2357 
.2360 
.2361 
.2359 
.2355 
.2345 
.2353 

Inch 

a  0478 
.0478 
.0482 
.0473 
.0476 
.0487 
.0472 
.0480 
.0489 
.0477 
.0476 
.0486 

Pounda 
1358 
1361 
1362 
1349 
1356 
1362 
1368 
1365 
1361 
1361 
1352 
1357 

Inch 
a0628 
.0626 
.0624 
.0614 
.0624 
.0626 
.0610 
.0627 
.0627 
.0621 
.0616 
.0630 

Pounds 
1552 
1555 

1557 
1541 
1550 
1557 
1564 
1560 
1555 
1555 
1546 
1551 

Inch 
a  0774 

•  0780 

.0775 

.0764 

.0772 

.0783 

.0772 

.0774 

.0786 

10 

.0772 

11 

.0769 

12 

.0783 

ATenge  .. 

.0480 

.0623 

.0775 
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TABLE  10.— Ezperiments  on  Effect  of  Temperature  of  AnneiUng 

[These  cyllndezs  were  annealed  at  1000*  F  (540*  C)] 


No. 

L 

D 

A 

Load 
equlva- 
lent  to 
30  000 
nM./ln.> 

L-Li 

mazl- 

Load 
equiva- 
lent to 
35  000 
IbB./in.> 

L-Lt 

Load 
equlva- 
lent  to 

40  000 
llM./ln.* 

L-Li 

1 

Inch 

0.5003 

.5005 

.5010 
.5007 
.5007 
.5004 
.5004 
.5003 
.5004 
.5002 
.5005 
.5002 

Inch 
a2249 
.2248 
.2255 
.2250 
.2257 
.2252 
.2250 
.2253 
.2253 
.2251 
.2254 
.2254 

Inch> 
0.03973 
.03969 
.03994 
.03976 
.04001 
.03983 
.03976 
.03987 
.03987 
.03980 
.03990 
.03990 

Pounds 
1192 
1191 
1198 
1193 
1200 
1195 
1193 
1196 
1196 
1194 
1197 
1197 

Inch 
0.0456 
.0465 
.0446 
.0464 
.0466 
.0458 
.0465 
.0450 
.0458 
.0461 
.0460 
.0454 

Inch 
0.2382 
.2378 
.2378 
.2381 
.2386 
.2382 
.3281 
.2379 
.2379 
.2378 
.2382 
.2379 

Pounds 

1391 
1389 
1398 
1392 
1400 
1394 
1392 
1395 
1395 
1393 
1397 
1397 

Inch 
0.0597 
.0603 
.0589 
.0603 
.0609 
.0609 
.0606 
.0595 
.0601 
.0599 
.0604 
.0593 

Pounds 
1589 
1588 

1598 
1590 
1600 
1593 
1590 
1595 
1595 
1592 
1596 
1596 

Inch 
0.0749 

2 

.0756 

3 

.0737 

4 

.0756 

5 

.0765 

6 

.0748 

7 

.0763 

8 

.0733 

9 

.0746 

10 

.0748 

11 

.0751 

12 

.0744 

Average.  -  -  t  , ,  r 

.0459 

.0601 

.0750 
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Notes  on  Tables  9  and  10. — These  tables  represent  experi- 
ments with  copper  cylinders  of  Series  No.  3,  annealed  at  1000  and 
1 200^  F  (540  and  650®  C) .  Diflferent  compressions  (30  000,  35  000, 
and  40000  pounds  per  square  inch)  were  made  keeping  the  load 
under  condition  (i)  for  about  2}4  seconds.  Fig.  6  indicates  that 
copper  cylinders  annealed  at  1 200^  F  are  softer  than  those  annealed 
at  1000^  F. 

(d)  BXPRMMSNTS  ON  nfFLUBNCB  OF  imTIAL  PRBCOMPRSSSION  WHEN  LOADS  SUC- 
CBSSIVBLT  APPLIED  DIFFER  CONSIDERABLT  FROM  EACH  OTHER 

TABLE  11.— Ezperiments  on  Influence  of  Initial  Precompression  when  Loads  Succes- 
sively Applied  Differ  Considerably  from  Bach  Other 

Li— tength  of  qrUnden  after  applyliig  piewaro  of  20  000  ll>i./I]i.s  for  about  2H  Moondi. 
Lr-langth  of  cyUnden  after  applying  premire  of  32  000  IIM./I11.S  for  about  lyi  lecondfl. 
Li—  length  of  cyttndera  after  applying  presiore  of  40  000  lbi./in.x  for  about  IM  leconda. 


No. 

L 

D 

A 

Load 
OQulva- 
lent  to 
20000 
Iba./faL« 

L-Li 

Dx 
mazl- 
mnm 

Load 
equiva- 
lent to 
32  000 
lbi./ln.s 

L-Lf 

mazi- 
mum 

Load 
equiva- 
lent to 
40000 
Iba./hL> 

L'-U 

Di 
maxi- 
mum 

1 

Inch 
0.4000 
.3998 
.3998 
.4i00O 
.4000 
.3998 
.3998 
.4000 
.3999 
.4001 
.3998 
.4000 
.4000 
.3999 
.3998 

Inch 
0.2260 
.2264 
.2257 
.2259 
.2253 
.2261 
.2260 
.2260 
.2263 
.2263 
.2265 
.2265 
.2258 
.2263 
.2268 

Inch* 

0.04012 
.04026 
.04001 
.04008 
.03967 
.04015 
.04012 
.04012 
.04022 
.04022 
.04029 
.04029 
.04004 
.04022 
.04040 

Lbt. 
802 
805 
800 
802 
797 
803 
802 
802 
804 
804 
806 
806 
801 
804 
808 

Inch 
0.0161 
.0168 
.0175 
.0180 
.0156 
.0154 
.0158 
.0150 
.0160 
.0164 
.0175 
.0167 
.0171 
.0176 
.0158 

Inch 
a2322 
.2331 
.2327 
.2323 
.2318 
.2322 
.2317 
.2317 
.2322 
.2327 
.2333 
.2326 
.2322 
.2331 
.2332 

Lba. 
1284 
1288 
1280 
1283 
1276 
1285 
1284 
1284 
1287 
1287 
1289 
1289 
1281 
1287 
1293 

Inch 
0.0395 
.0404 
.0410 
.0402 
.0400 
.0398 
.0400 
.0375 
.0399 
.0399 
.0413 
.0396 
.0407 
.0406 
.0396 

Inch 
0.2410 
.2418 
.2413 
.2403 
.2403 
.2408 
.2402 
.2400 
.2414 
.2412 
.2427 
.2412 
.2413 
.2415 
.2420 

Lbs. 
1605 
1610 
1600 
1603 
1595 
1606 
1605 
1605 
1609 
1609 
1612 
1612 
1602 
1609 
1616 

Inch 
0.0585 
.0596 
.0607 
.0595 

Inch 
0.2481 

2 

.2494 

3 

.2494 

4 

.2487 

5 

6 

.0594 
.0601 
.0560 
.0586 
.0589 
.0603 
.0588 
.0607 
.0598 
.0590 

.2490 

7 

.2486 

8 

.2476 

9 

.2488 

10 

.2490 

11 

.2498 

12 

.2488 

13 

.2494 

14 

.2493 

15 • 

.2498 

.0165 

.0400 

.0593 

Notes  on  Table  i  i  . — Here  are  represented  experiments  with 
copper  cylinders  of  Series  No.  2.  Successive  compressions  (20  000, 
32  000,  and  40  000  pounds  per  square  inch)  were  made  on  same  cyl- 
inders, keeping  the  load  under  condition  (i)  for  about  2%  seconds. 

Comparing  the  average  changes  in  length  of  cylinders  with 
those  of  other  tables  after  the  first  compression,  we  can  conclude 
that  in  this  case  change  in  length  depends  only  on  value  of  load 
of  the  last  compression,  no  matter  whether  previous  compressions 
had  been  made  or  not. 

After  the  first  compression  of  32  000  pounds  per  square  inch. 
Tables  4  and  1 2  show  an  average  L—L^oi  0.0400  inch.  After  two 
compressions,  the  first  of  which  was  20  000  pounds  per  square 
inch  and  the  last  32  000  pounds  per  square  inch.  Table  No.  1 1 
shows  an  average  L  —  L,  of  0.0400  inch. 
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After  first  compression  of  40  000  pounds  per  square  inch: 


Table  No. 

RMUUSOf 

flntcom- 
prestton 

6 

Inch 

0.0588 
.0592 
.0589 
.0588 

3 

16 

19 

After  three  compressions,  the  first  of  which  was  20  000  pounds 
per  square  inch,  the  second  32  000,  and  the  third  40  000  pounds  per 
square  inch.  Table  11  shows  an  average  L—L^  of  0.0593  inch. 
Comparing  these  figures — that  is,  0.0400  with  0.0400  indh,  and 
0.0593  with  0.0588,  0.0592,  0.0589,  and  0.0588  inch — we  see  that 
a  very  close  concordance  was  obtained.  It  must  be  noted,  how- 
ever, that  this  statement  may  apply  only  when  previous  loads 
diflfer  considerably  from  the  last  load,  as  was  the  case  in  these 
experiments.  (The  first  load  was  20  000,  the  second  load  32  000, 
and  the  last  load  was  40  000  pounds  per  square  inch.) 

(«)  BZPBRIBfBNTS  ON  BPrBCT  OP  nflTIAL  FRBCOMPRBSSION  WHEN  DIFFBRENCBS 
BETWEEN  LOADS  SUCCESSIVELT  APPLIED  ARE  ONLY  SUOHT 

TABLE  12.— Experiments  on  the  Effect  of  Initial  Precompression  when  the  Differences 
Between  the  Loads  Successively  Applied  are  only  Slight 


X.J.  length  of  cylinders  after  pressure  of  32  000  Il>s./In.s  for  about  2\  t 
Lr-lensth  of  cylinders  after  pressure  of  36  000  ll>s./in.*  for  about  2i  seconds. 
Lt—  lensth  of  cylinders  after  pressure  of  38  000  lbs./in.x  for  about  l\  seconds. 
I^— length  of  cylinders  after  pressure  of  40  000  lbs./in.>  for  about  l\  seconds. 


No. 

L 

D 

A 

Load 

equivalent 

to  32  000 

lbs./ln.s 

L-Li 

gnawfrnwiw 

• 

Load 

eqnivakot 

to  36  000 

lbs./fai.> 

Inch 
0.3998 
.3999 
.3999 
.3999 
.3997 
.3997 
.3999 
.3999 
.3999 
.3999 
.3998 
.3997 
.3995 
.3996 
.3997 

Inch 
0.2258 
.2262 
.2257 
.2261 
.2258 
.2267 
.2267 
.2263 
.2265 
.2267 
.2267 
.2260 
.2259 
.2263 
.2268 

Inch* 

0.04004 
.04018 
.04001 
.04015 
.04004 
.04036 
.04036 
.04022 
.04029 
.04036 
.04036 
.04012 
.04006 
.04022 
.04040 

Pounds 
1281 
1286 
1280 
1285 
1281 
1292 
1292 
1287 
1289 
1292 
1292 
1284 
1283 
1287 
1293 

Inch 

Inch 

Pounds 

0.0403 
.0405 
.0384 
.0386 
.0407 
.0409 
.0391 
.0392 
.0409 
.0406 
.0399 
.0396 
.0408 

0.9410 
.2410 
.2411 
.2407 
.2425 
.2422 
.2415 
.2417 
.2423 
.2425 
.2413 
.2410 
.2412 

1446 

1440 

1445 

1441 

14SS 

1453 

1448 

1450 

1453 

145$ 

12     

1444 

13  

144S 

14 

1448 

IS 

I 

.0400 
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TABLE  12.— B^perimeiits  on  the  Eflfoct  of  Initial  Precompression  when  the  Differences 
Between  the  Loads  Successively  Applied  are  only  Slight— Continued 


No. 


L-u 


Inch 


equivalent 
to38  000 
IbaVin*' 


L-U 


Inch 


equivalent 
to40  000 
ll>i./in.> 


L-Ia 


Inch 


Di 


Inch 


0.0496 
.0502 
.0496 
.0495 
.0502 
.0497 
.0499 
.0505 
.0506 
.0509 
.0495 
.0497 
.0504 


1527 
1520 
1526 
1522 
1534 
1534 
1528 
1531 
1534 
1534 
1525 
1523 
1528 


0.057C 
.0561 
.0553 
.0550 
.0573 
.0557 
.0560 
.0563 
.0568 
.0575 
.0551 
.0553 
.0566 


1607 
1600 
1606 
1602 
1614 
1614 
1609 
1612 
1614 
1614 
1605 
1603 
1609 


0.0624 
.0624 
.0612 
.0607 
.0627 
.0618 
.0616 
.0624 
.0629 
.0638 
.0618 
.0609 
.0620 


15. 


0.2486 
.2495 
.2493 
.2491 
.2496 
.2498 
.2494 
.2494 
.2500 
.2506 
.2488 
.2489 
.2494 


Average. 


.0500 


.0562 


.0620 


TABLE  13. — Experiments  on  Effect  of  Initial  Precompression  when  Differences 
Between  Loads  Successively  Applied  are  only  Slight 

Li~  length  of  cylindeis  after  applying  pressure  of  36  000  lbs./in.>  for  about  2H  seconds. 
Ly- length  of  cylinders  after  applying  pressure  of  38  000  ll>s./in.>  for  about  2H  seconds. 
Lr- length  of  cylinders  after  applying  pressure  of  40  000  lbs./in.s  tor  about  2H  seconds. 


No. 

L 

D 

A 

Load 
equiva- 
lent  to 
36  000 
lbs./in.> 

L-Li 

man- 
tnuni 

Load 
equiva- 
lent to 
38  000 
lbs./in.s 

L-U 

Load 
equiva- 
lent to 
40000 
lbs./in.s 

L-Lt 

maxi- 
mum 

1 

Inch 
0.3995 
.3995 
.3994 
.3997 
.3997 
.3998 
.3994 
.3994 
.3998 
.3997 
.4000 
.3996 
.4000 
.3999 
.3998 

Inch 
0.2260 
.2260 
.2263 
.2268 
.2262 
.2266 
.2257 
.2267 
.2254 
.2255 
.2265 
.2258 
.2257 
.2256 
.2258 

Inch' 
0.04012 
.04012 
.04022 
.04040 
.04018 
.04033 
.04001 
.04036 
.03990 
.03994 
.04029 
.04004 
.04001 
.03997 
.04004 

Pounds 

1444 
1444 
1448 
1454 
1446 
1452 
1440 
1453 
1436 
1438 
1450 
1441 
1440 
1439 
1441 

Inch 
0.0488 
.0486 
.0483 
.0500 
.0488 
.0501 
.0483 
.0496 
.2447 
.0500 
.0499 
.0480 
.0505 
.0485 
.0501 

Inch 
0.2447 
.2445 
.2448 
.2462 
.2448 
.2451 
.2442 
.2458 
.2448 
.2452 
.2455 
.2445 
.2451 
.2440 
.2450 

Pounds 
1525 
1525 
1528 
1535 
1527 
1533 
1520 
1534 
1316 
1518 
1531 
1522 
1520 
1519 
1522 

Inch 

0.0545 
.0550 
.0549 
.0559 
.0557 
.0562 
.0553 
.0561. 
.0555 
.0564 
.0565 
.0550 
.0563 
.0548 
.0563 

Pounds 

1605 
1605 
1609 
1616 
1607 
1613 
1600 
1614 
1596 
1598 
1612 
1602 
1600 
1599 
1602 

Inch 

0.0610 
.0601 
.0607 
.0622 
.0615 

Inch 
0.2489 

2 

2488 

3 

.2490 

4 

.2506 

5 

.2492 

6 

7 

.0609 
.0619 
.0613 

.2489 

8 

.2501 

0 

.2486 

10 

11 

.0625 
.0604 
.0628 
.0606 
.0625 

.2500 

12 

2486 

13 

2492 

14 

.2483 

15 

.2495 

Average 

.0493 

.0556 

.0614 
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TABLE  14.— Ezperiments  on  the  Effect  of  Initial  Precompression  whsn  the  Difference  s 
Between  the  Loads  Successively  Applied  are  only  Slight 

Li~  lenfth  of  cylinders  after  applymf  premire  of  38  000  ll>i./in.>  for  about  2H  Mconds. 
Ls-  length  of  cylinders  after  laying  pressure  of  40  000  lbs./ln.*  for  about  2H  seconds. 


No. 

L 

D 

A 

Load 
equiva- 
lent to 
38  000 
Ibs./ln.s 

L-Li 

maxi- 
mum 

Loiid 
equiva- 
lent to 
40  000 
lbs./ln.s 

L-L. 

mazl- 

1 

Inch 
0.3998 
.4000 
.4001 
.3999 
.3999 
.4000 
.3998 
.4001 
.4001 
.4002 
.4000 
.4000 
.4001 
.4002 
.4003 

Inch 
0.2267 
.2260 
.2262 
.2255 
.2256 
.2262 
.2257 
.2262 
.2259 
.2264 
.2257 
.22M 
.2256 
.2260 
.2263 

Inch* 

0.04036 
.04012 
.04018 
.03994 
.03997 
.04018 
.04001 
.04018 
.04008 
.04026 
.04001 
.04026 
.03997 
.04012 
.04022 

Lbs. 

1534 
1525 
1527 
1518 
1519 
1527 
1520 
1527 
1523 
1530 
1520 
1530 
1519 
1525 
1528 

Inch 

0.0550 
.0528 
.0533 
.0549 
.0530 
.0540 
.0556 
.0540 
.0528 
.0538 
.0546 
.0540 
.0539 

Inch 
0.3483 
.3465 
.3466 
.3466 
.3465 
.3467 
.3468 
.3464 
.3467 
.3470 
.3469 
.3468 
.3463 

Lbs. 
1614 
1605 
1607 
1598 
1599 
1607 
1600 
1607 
1603 
1610 
1600 
1610 
1599 

Inch 
0.0620 

Inch 
0.2503 

2 

3 

.0597 
.0616 
.0595 
.0609 
.0621 
.0604 
.0599 
.0598 
.0608 
.0607 
.0597 

.2487 
.2490 
.2489 
.2494 
.2492 
.2489 
.2489 
.2496 
.2486 
.2496 
.2486 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

.0549 

.3470 

1609 

.0608 

.2492 

Average 

.0540 

.0606 

TABLE   15.— Effect  of  Initial  Precompression  when  Differences  Between  Loads 
Successively  Applied  are  only  Sli^t 


Reference 

32  000 
lbs./ln.> 

36  000 
lbs./in.> 

38  000 
lbs./hi.s 

40000 
lbe./ln.« 

See  Tables  Nos.  4, 11.  and  12 

See  Table  No.  13 

£,-£,1-0.0400 

L-Ls-O.OSOO 
L-Li- 0.0493 

i:-L,-0.0562 
L-Ls- 0.0556 
L-Li- 0.0540 

L-L4-0.0620 
L-L^  0.0614 
L-Lt->0.0606 
L— Li— 0  0590 

See  Table  No.  14 

See  Tables  Nos.  3, 6, 11, 16,  and  19 

Notes  on  Tabi^es  12,  13,  14,  and  15. — Experiments  were  made 
upon  cylinders  of  the  same  stock;  that  is,  cylinders  of  the  Series 
No.  2. 

Successive  compressions  of  32  000,  36  000,  38  000,  and  40  000 
pounds  per  square  inch  were  made  under  condition  (i),  keeping 
the  load  on  for  about  2J4  seconds. 

Average  changes  in  length  under  initial  and  successive  com- 
pressions are  shown  in  Table  15.  Here  are  collected  from  Tables 
3,  4,  6,  II,  12,  13,  14,  16,  and  19  average  changes  of  length  (total 
sets).  These  data  show  the  difference  between  the  change  in 
length  of  cylinders  which  were  compressed  at  load  P  and  of  those 
previously  compressed  using  a  load  Q  slightly  lower  than  load  P 
and  then  compressed  at  load  P. 
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It  should  be  noted  that  in  the  case  where  several  successive 
loads,  diflfering  by  2000  to  4000  pounds  per  square  inch,  had 
previously  been  applied  the  total  change  of  length  increases  as 
the  number  of  loads  previously  applied  increases.  All  these 
results  agree  with  experiments  made  with  repeated  compressions 
of  same  and  smaller  (within  certain  limits)  loads  applied  on 
copper  which  is  known  to  have  practically  no  yield  point. 

(/)  BXPBRIBfBirrS  ON  BtrSCT  OF  DURATION  OF  COMPRESSION  APPUBD  UNDBR 
CONDITION  (2)  AND  COMPARISON  OF  RESULTS  OF  DIFFERENT  METHODS  OF 
LOADING 

TABLE  16.— Bs^eriments  on  Effect  of  Durttioii  of  Compression   Applied  Under 

Condidon  (2) 

Li— tength  of  cyUndera  after  a^plyliig  load  of  40  000  ll>i./l]i.s  for  about  2H  seconds. 


No. 

L 

D 

A 

Load 

eQoivalent 

to  40  000 

Iba./&B.* 

L-Li 

maiimuni 

1 

Inch 
0.4000 
.4004 
.4000 

Inch 
0.2261 
.2259 
.2259 

Inch* 
0.04015 
.04008 
.04008 

Pounds 
1606 
1603 
1603 

Inch 
a0582 
.0598 
.0587 

Inch 
0.2485 

2 

.2488 

3 

.2487 

4 

5 

.4003 
.3997 
.400S 
.4000 
.4000 
.4001 

.2259 
.2262 
.2265 
.2260 
.2266 
.2256 

.04008 
.04018 
.04029 
.04012 
.04033 
.03997 

1603 
1607 
1612 
1604 
1613 
1599 

.0586 
.0579 
.0588 
.0588 
.0594 
.0601 

.2482 

6 

.2484 

7 

.2486 

8 

.2488 

9 

.2496 

10 

.2489 

Average  

.0589 

TABLE  17. — Experiments  on  Effect  of  Duration  of  Compression  Applied  Under 

Condition  (2) 
Li— length  of  cylinders  after  applying  pressure  of  40  000  llM./ln.>,  holding  beam  balanced  for  about  5  seconds. 


No. 

L 

D 

A 

Load 

equivalent 
to  40  000 
lbs./ln.s 

L-Li 

•-&- 

Inch 
0.3996 
.3996 
.3995 
.3996 
.3995 
.3995 
.3996 
.3996 
.3996 
.3995 
.4002 
.4000 

Inch 
0.2263 
.2266 
.2263 
.2257 
.2268 
.2265 
.2259 
.2253 
.2263 
.2263 
.2258 
.2255 

Inchs 
0.04022 
.04033 
.04022 
.04001 
.04040 
.04029 
.04008 
.03987 
.04022 
.04022 
.04004 
.03994 

Pounds 
1609 
1613 
1609 
1600 
1616 
1612 
1603 
1595 
1609 
1609 
1602 
1598 

Inch 

Inch 
0.2494 

.0589 
.0598 
.0611 
.0596 
.0594 

.2497 

.2494 

.2494 

.2505 

.2495 

.2475 

.0596 

.2490 

.2503 

10 

.0590 
.0604 
.0594 

.2493 

11 

.2486 

12 

.2487 

Afsnge.  ...T-.w-r.. 

.0597 
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TABLE  18.— E^eriments  on  Sflbct  of  Duiation  of  Coaipioaaion  Applied  Under 

Condition  (2) 


Lc- mcfh  fli  ^Badflni 


i  fli  40  000  Ibn/ia.^  hrittw  I 


to40000 
I1»./ln.' 


L-L, 


Dx 


1.. 

2.. 

3.. 

4.. 

5. 

6.. 

7.. 

8.. 

9.. 
10.. 
11. 
12.. 


Inch 
0.4007 
.4003 
.4005 
.4003 
.4006 
.4006 
.4005 
.4005 
.4004 
.4000 
.4000 
.4006 


Inch 
0.2262 
.2261 
.2257 
.2262 
.2266 
.2257 
.2256 
.2258 
.2255 
.2263 
.2265 
.2264 


Inch' 
0.04018 
.04015 
.04001 
.04018 
.04033 
.04001 
.03997 
.04004 
.03994 
.04022 
.04029 
.04026 


1607 
1606 
1600 
1607 
1613 
1600 
1599 
1602 
1598 
1609 
1612 
1610 


0.0615 
.0591 
.0590 
.0608 
.0609 
.0604 
.0613 
.0615 
.0611 
.0590 
.0611 
.0601 


0.2495 
.2489 
.2485 
.2491 
.2505 
.2491 


.2486 
.2487 


.2492 


Af«ng0. 


I 


.0605 


Notes  on  Tables  i6,  17,  and  18. — ^These  tables  represent  the 
results  of  experiments  made  with  cylinders  of  same  series,  No.  2, 
by  subjecting  them  to  compressions  of  40  000  potmds  per  square 
inch  applied  imder  condition  (2)  for  diflferent  periods — 2j4,  5, 
and  25  seconds — that  is,  holding  beam  balanced  for  these  different 
periods. 

In  order  to  keep  the  beam  balanced  in  this  case  only  one  addi- 
tional application  of  same  load  (impulse)  was  needed  after  the 
beam  had  started  to  drop.  Average  changes  in  length  are  0.0589, 
0.0597,  and  0.0605  inch,  respectively. 

It  may  be  of  interest  to  compare  these  results  with  those 
obtained  in  the  experiments  where  the  same  load,  40  000  pounds 
per  square  inch,  was  held  for  diflferent  periods  after  the  balance 
had  been  obtained  and  the  beam  allowed  to  drop,  and  also  with 
those  results  obtained  where  the  same  load  of  40  000  potmds  per 
square  inch  was  applied  successively  two  times  (for  2}4  seconds 
each  time),  the  second  load  being  applied  at  some  interval  after 
the  first  load  was  entirely  released. 

I .  In  the  case  when  load  of  40  000  pounds  per  square  inch  was 
held  for  diflferent  periods  after  balance  was  obtained,  the  beam 
being  allowed  to  drop  (Tables  6,  7,  and  8),  the  decrease  in  length 
of  cylinders  as  compared  with  the  length  after  compression  for 
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2}i  seconds  (cx>nsidering  average  chjange  for  2yi  seconds  is  equal 
to  0.0590  inch)  is  shown  here: 


Time^ooan- 

DUfaraneein 
6mamam 

SMMldl 

2H 
5 

25 

Inch 

0.0000 

.0003 

.0006 

2.  In  case  where  same  load  of  40  000  potinds  per  square  inch 
was  held  for  diflferent  periods  after  balance  was  obtained,  but 
holding  beam  balanced  by  means  of  one  additional  application  of 
same  load  (Tables  16,  17,  and  18),  these  diflferences  were: 


TliiMofoom- 
pfM^sn 

DUferenoein 
6mamam 

Seoondi 
2H 
5 
25 

Inch 

0.0000 

.0007 

.0015 

3.  In  the  case  of  one  repeated  application  of  the  same  load  of 
40  000  pounds  per  square  inch  (Table  4)  the  difference  between 
the  decrease  in  length  after  first  and  second  applications  for 
2%  seconds  each  is  0.0626—0.0590  inch  =  0.0036  inch.  Hence  it 
may  be  seen:  (a)  That  the  application  of  the  same  load  for  the 
same  period  (greater  than  3  seconds),  but  made  imder  condition 
(2) — ^tliat  is,  holding  the  beam  balanced  by  means  of  one  additional 
application  (impulse)  of  the  same  load — causes  about  twice  the 
decrease  in  length  observed  in  the  case  when  the  beam  is  allowed 
to  drop  after  the  balance  is  obtained;  (6)  that  where  the  load  is 
applied  twice  (for  2>^  seconds  each  time),  the  second  load  being 
applied  at  some  intervals  after  the  first  load  has  been  entirely 
released,  the  decrease  in  length  is  much  greater  than  in  the  first 
two  cases,  even  when  the  load  is  held  there  as  long  as  25  seconds. 

ig)  BZPERIBfSirTS  ON  AOINO  OF  COPPER  CTUNDSRS  OF  SBRIBS  No.  2.  TABLES  19-25 

The  dtu-ation  of  the  compression  in  these  experiments  was 
about  2%  seconds. 
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TABLE  19.— Compression  Tests  Relating  to  Bs^eriments  on  Aging  of  Copper 

Cylinders 
Li»  length  of  qrUndeis  alter  applying  pressure  of  40  000  ll>8./in.> 


No. 

L 

D 

A 

Load 

equivalent 

10  40  000 

llM./ln.> 

L-Li 

1  

Inch 
a  4001 

.4002 
.4001 
.4001 
.4000 
.4001 
.4000 
.4000 
.4002 
.4003 
.4001 
.4002 
.4001 
.4004 
.4003 

Inch 
0.2266 
.2259 
.2265 
.2258 
.2258 
.2259 
.2253 
.2255 
.2260 
.2265 
.2262 
.2264 
.2257 
.2258 
.2266 

Inch> 
a04033 

.04029 
.04004 
.04004 
.04008 
.03987 
.03994 
.04012 
.04029 
.04018 
.04026 
.04001 
.04004 
.04033 

Pounds 

1613 
1603 
1612 
1602 
1602 
1603 
1595 
1598 
1605 
1612 
1607 
1610 
1600 
1602 
1613 

Inch 
0.0599 

2 

.0587 

3 

.0596 

4 

.0611 

5 

.0592 

6 

.0558 

7 

.0618 

8 

0555 

9 

.0592 

10 

.0606 

11 

.0578 

12 

.0551 

13 

.0608 

14 

.0596 

15 

.0579 

Average 



.0588 

Notes  on  TabItE  19. — The  table  shows  the  mean  total  set  of 
cylinders  compressed  at  40  000  poimds  per  square  inch.  The  total 
set  was  0.0599  inch. 

TABLE  20. — Compression  Tests  Relating  to  Bxperiments  on  Aging  of  Copper 

Cylinders 

Li— length  of  cylinders  after  applying  a  pressure  of  38  000  lbs./ln.>  for  about  2H  leconds. 
Lt— length  of  cylinders  after  applying  a  pressure  of  40  000  ll>s./ln.>  lor  about  2H  seconds,  the  pressure  of  40  000 
lbs./ln.s  being  applied  1  hour  alter  the  pressure  of  38  000  lbs. 


No. 

L 

D 

A 

Load 
equiva- 
lent to 
38  000 
lb8./in.s 

L-Li 

Load 
equiva- 
lent to 
40  000 
lb8./in.> 

L-U 

1 

Inch 

0.4002 
.4002 
.4004 
.4001 
.4001 
.4005 
.4001 
.4003 
.4005 
.4001 
.4002 
.4001 
.4003 
.4003 
.4005 

Inch 
0.2260 
.2261 
.2257 
.2265 
.2260 
.2262 
.2258 
.2263 
.2263 
.2259 
.2261 
.2257 
.2258 
.2258 
.2257 

Inch* 
0.04012 
.04015 
.04001 
.04029 
.04012 
.04018 
.04004 
.04022 
.04022 
.04008 
.04015 
.04001 
.04004 
.04004 
.04001 

Pounds 
1525 
1526 
1520 
1531 
1525 
1527 
1522 
1528 
1528 
1523 
1526 
1520 
1522 
1522 
1520 

Inch 
0.0530 
.0552 
.0556 
.0541 
.0554 
.0539 
.0551 
.0529 
.0547 
.0514 
.0517 
.0545 
.0513 
.0544 
.0543 

Pounds 
1605 
1606 
2600 
1612 
1605 
1607 
1602 
1609 
1609 
1603 
1606 
1600 
1602 
1602 
1600 

Inch 
0.0612 

2 

.0622 

3 

4 

.0619 
.0616 

5 

6 

7 

8 

9 

.0616 
.0594 
.0608 
.0555 
.0612 

10 

11 

.0588 

12 

.0616 

13 

14 

.0606 

15 

.0607 

Aversffe. 

.0538 

.0608 
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Notes  on  Table  20. — ^The  cylinders  were  precompressed  at 
38  000  poiinds  per  square  inch,  and  one  hour  later  they  were  com- 
pressed at  40  000  pounds  per  square  inch.  Total  set  was  0.0608 
inch. 

TABLE  21. — Compression  Tests  Relating  to  Experiments  on  Aging  of  Copper 

Cylinders 


I.1*  length  of  qrlinden  alter  applying  a  preiaare  of  38  000 11>t./ln.>  lor  about  2H  leoonds 
1.1- langth  of  cyUndert  after  applying  a  preasure  of  40  000  ll>i./in.>  for  about  2H  Mconds,  tl^ 
Ibi.  being  applied  after  ai^  cyllnderi  at  100*  0  during  28  daya. 


of  40  000 


No. 

L 

D 

A 

Load 

equiva- 
lent to 
38  000 

lb8./ln.> 

L-Li 

Load 

equiva- 
lent to 
40  000 

lb8./hi.» 

I..L. 

Inch 

0.400S 
.4003 
.4006 
.4004 
.4005 
.4001 
.4002 
.4003 
.4003 
.4003 
.4005 
.4000 
.4004 
.4000 
.4002 

Inch 

0.2257 
.2258 
.2257 
.2257 
.2263 
.2263 
.2264 
.2258 
.2264 
.2265 
.2255 
.2262 
.2270 
.2258 
.2260 

Inch* 
0.04001 
.04004 
.04001 
.04001 
.04022 
.04022 
.04026 
.04004 
.04026 
.04029 
.03994 
.04018 
.04047 
.04004 
.04012 

Pounda 
1520 
1522 
1520 
1520 
1528 
1528 
1530 
1522 
1530 
1531 
1518 
1527 
1538 
1522 
1525 

Inch 

0.0551 
.0544 
.0566 
.0519 
.0518 
.0543 
.0563 
.0542 
.0545 
.0539 
.0549 
.0539 
.0549 
.0544 
.0525 

Pounda 
1600 
1602 
1600 
1600 
1609 
1609 
1610 
1602 
1610 
1612 
1598 
1607 
1619 
1602 
1605 

loch 
0.0632 

.0626 

.0627 

.0596 

.0582 

.0618 

0641 

.0614 

.0627 
.0618 

.0628 

12 

.0619 
.0623 
.0615 

13 

14 

15 

.0615 

Average  -  -  ^  -r , ,  -  - .  r .  r  r 

.0542 

.0619 

Notes  on  Tabi^e  21. — ^This  table  shows  the  results  for  copper 
cylinders,  precompressed  at  38  000  pounds  per  square  inch,  which 
had  been  held  in  an  electric  oven  at  100°  C  for  28  days  and 
then  compressed  at  40  000  pounds  per  square  inch.  The  final 
total  set  in  this  case  was  0.0619  inch. 
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TABLE  22. — Compression  Tests  Relating  to  Experiments  on  Aging  of  Copper 

Cylinders 

Li~  length  of  qrlindeis  alter  applylnf  pressure  of  38  000  lt)s./ln.>  for  about  2H  seconds. 
L«— tonfth  of  qrUnderssfter  spplying  pressure  of  40  000  ll>s./in.s  for  sbout2HMConds,  the  pressure  of  40000 
ll>s./in.s  being  sppUed  sfter  sging  cylinders  st  0*  snd  100*  C  sltemately  during  28  dajs. 


No. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 


Average. 


Inch 

0.4004 
.4001 
.4001 
.4004 
.4001 
.4002 
.4000 
.4001 
.4003 
.4002 
.4002 
.4000 
.4005 
.4000 
.4005 


Inch 

a2260 
.2259 
.2260 
.2263 
.2261 
.2260 
.2259 
.2268 
.2258 
.2267 
.2259 
.2267 
.2254 
.2257 
.2261 


lent  to 
38  000 
IbsVin.^ 


Pounds 
1525 
1523 
1525 
1528 
1526 
1525 
1523 
1535 
1522 
1534 
1523 
1534 
1516 
1520 
1526 


L-Li 


Inch 
0.0558 
.0556 
.0544 
.0548 
.0543 
•  .0552 
.0525 
.0539 
.0540 
.0541 
.0530 
.0538 
.0546 
.0538 
.0505 


.0540 


equiva- 
lent to 
40  000 
lbs./hi.s 


1605 
1603 
1605 
1609 
1606 
1605 
1603 
1616 
1602 
1614 
1603 
1614 
1596 
1600 
1606 


L-JL, 


Inch 
a063S 
.0630 
.0624 
.0613 
.0624 
.0637 
.0593 
.0626 
.0624 
.0618 
.0614 
.0609 
.0622 
.0615 
.057S 


.0617 


Notes  on  Table  22. — This  table  indicates  that  the  final  total  set 
of  0.0617  i^ch  was  obtained  on  cylinders  precompressed  at  38  000 
pounds  per  square  inch  and  aged  at  o  and  100®  C,  alternately,  during 
28  days  and  then  compressed  at  40  000  potmds  per  square  inch. 

TABLE  23. — Compression  Tests  Relating  to  the  Experiments  on  Aging  of  Copper 

Cylinders 

Li^length  of  cylindsis  sfter  spplying  prsssure  of  38  000  lbs./in.s  for  shoot  zyi  seconds. 
Lr-  length  of  cylinders  sfter  spplylnc  pressure  of  40  000  lbs./hi.>  for  shout  2H  seconds,  the  pressurs  of  40  000 
lbs./in.>  being  applied  sfter  sging  cylinders  at  room  tempersture  for  30  dsys. 


No. 

L 

D 

A 

Losd 
equivs- 
lent  to 
38  000 
Ibs./hi.> 

L-L, 

Losd 
equivs- 
lent  to 
40  000 
lbs./tai.s 

L-JL, 

Inch 

a4006 
.4008 
.4005 
.4007 
.4007 
.4008 
.4008 
.4005 
.4010 
.4008 
.4011 
.4006 

Inch 

0.2258 
.2257 
.2257 
.2260 
.2262 
.2259 
.2260 
.2259 
.2260 
.2259 
.2262 
.2267 

Inch* 
0.04004 
.04001 
.04001 
.04012 
.04018 
.04008 
.04012 
.04008 
.04012 
.04006 
.04018 
.04036 

Pounds 
1522 
1520 
1520 
1525 
1527 
1523 
1525 
1523 
152S 
U2S 
1S27 
1534 

Inch 

0.0506 
.0561 
.0558 
.0560 
.0550 
.0550 
.0537 
.0527 
.0552 
.0555 
.0SS3 
.0547 

Pounds 
1602 
1600 
1600 
1605 
1607 
1603 
1605 
1603 
1605 
1603 
1607 
1614 

iBCh 
0.0537 

.0636 

.0641 

.0617 

.0612 

.0628 

.0613 

.0601 

.0616 

10 

.0634 

11 

.0621 

12 

.061S 

Atersge 

.0546 

.0614 
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Fig.  7. — Longitudinal  section  of  copper  cylinder  annealed  at  6jO°  C.     X  lOO 
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Fig.  9. — Longitudinal  section  of  copper  cylinder  annealed  at  6^0^  C.     X  Joo 
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TABLE  24.— Con^rMsion  Tests  Relating  to  the  Szperiments  on  Aging  of  Copper 

Cylinders 

Li»l«igth  of  cyUndwi  utt&t  spplyiiig  yrenure  of  38  000  Ibo.^*  lor  about  2H  ooconds. 
Lr- lonfdi  of  cjUndect  ollor  tm^ying  pcMfora  of  40  000  IbMn.*  lor  about  2HMoond8,  thoycMnre  of  40  000 
Ibo./iiil>  being  applied  after  aging  cyllndera  at  room  temperature  lor  27  daya. 


No. 

L 

C 

A 

Load 
equlfa- 
lent  to 
38  000 
lbi./ln.> 

L-Li 

Load 

equiva- 
lent to 
40  000 

lbi./in.s 

L'-Lt 

Inch 

0.4000 
.4001 
.3999 
.3996 
.3996 
.4001 
.4001 
.4001 
.3996 
.4002 
.3999 
.3996 

Inch 

0.2268 
.2260 
.2260 
.2258 
.2265 
.2259 
.2257 
.2256 
.2258 
.2260 
.2255 
.2261 

Inch> 
0.04040 
.04012 
.04012 
.04004 
.04029 
.04008 
.04001 
.03997 
.04004 
.04012 
.03994 
.04015 

Pounds 
1535 
1525 
1525 
1522 
1531 
1523 
1520 
1519 
1522 
1525 
1518 
1526 

Inch 
0.0547 

Pounds 
1616 

Inch 
0.0630 

.0525 
.0550 
.0529 
.0524 
.0551 
.0544 
.0561 
.0547 
.0541 
.0548 

1605 
1602 
1612 
1603 
1600 
1599 
1602 
1605 
1598 
1606 

.0592 
.0621 
.0609 
.0588 
.0626 
.0618 
.0618 
.0621 
.0621 
.0628 

10 

11 

12 

Afoiage 

.0542 

.0616 

Note  on  Tables  23  and  24. — Cylinders  precompressed  at  38  000 
pounds  per  square  inch  were  aged  at  room  temperature  for  30  days 
and  then  compressed  at  40000  poimds  per  square  inch.  The 
mean  total  sets  were  0.0614  and  0.0616  inch,  respectively. 

Intercomparing  all  results  stated  above  (Table  25)  it  may  be 
concluded  that  aging  at  temperatures  of  o-ioo®  C  makes  the  com- 
pressed copper  softer.  It  should  be  noted,  however,  that  in  the 
author's  opinion  the  data  in  regard  to  aging  is  not  sufficient; 
such  an  important  problem  needs  very  careful  additional  experi- 
ments in  static  as  well  as  impact  and  firing  tests  after  different 
periods  of  aging.  The  above  results  also  are  contradictory  to 
those  of  H.  W.  R.  Mason,"  who  foimd  from  his  impact  experiments 
that  in  copper  crushers  spontaneous  annealing  does  not  take  place. 

><  H.  W.  R.  Mason,  Resistance  of  Coi>per  Crashers  during  Compression,  Anns  and  Bzplosives;  July 
X,  x9k8. 
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TABLB  25.— Table  Showing  Avenge  Results  on  Efl(ect  of  Aging  on  RednctioD  in 
Length  of  Con^ressed  Copper  Cylinders 


Compieaaion  at  40  000  Iba./fai.i 

Refemioeto 
cylinden 

Date  of  preoom- 
preaaion 

Average  total 

aet  of  cylinden 

per  Inch 

Average 

total  ael 
otcyUn. 

TW>lol4 

June  26, 1919 

Aug.  29, 1919 

July  30. 1919 

.....do...... 

do 

July  31, 1919 

Inch 

0.0540 

.0538 
.0542 
.0540 

.0546 

.0542 

One  hour  later  of  aame  day, 

June  26, 1919. 
One  hour  later  of  aame  day, 

Ang.29,1919. 
Aug.  27, 1919,  after  agfaig  at  100* 

C  from  July  30  to  Aug.  27. 
Aug.  27, 1919,  after  agfaig  at  0*  C 

and  100*  C  alternate  from 

July  30  to  Aug.  27. 
Aug.  29,  1919,  after  agfaig  at 

room  temperature  from  July 

30  to  Aug.  29. 

Aug.  27,   1919,  after  agfaig  at 
room  temperature  from  July 

31  to  Aug.  27. 

Inch 

0  oao^ 

Table  20 

.060S 

Table  21 

.0619 

Table  22 

Table  23 

Table  24 

.0617 
.0614 
.0616 

m.  MICROSCOPIC  EXAMINATION 

Longitudinal  and  cross  sections  of  copper  cylinders  were  exam- 
ined microscopically  (Figs.  7-15).  In  all  cases  the  cylinders  were 
etched  with  NH4OH  and  H3O3. 

In  order  to  show  distortion  of  grains  under  pressure,  some 
micrographs  were  taken  of  the  same  spots  before  and  after  com- 
pression— that  is,  the  cylinder  was  etched,  the  micrograph  was 
taken,  and  the  spot  marked.  Then  the  cylinder  was  compressed 
at  30  000  poimds  per  square  inch,  and  a  micrograph  of  the  marked 
spot  was  taken  again.  This  is  shown  in  Figs.  12-15,  where  (Figs. 
13  and  15)  many  slip  bands  may  be  seen. 

IV.  SUMMARY 

Several  conclusions  may  be  drawn  from  these  experiments, 
which  only  confirm  the  already  known  phenomena,  as  well  as 
those  expected  from  the  known  properties  of  copper: 

I.  The  length  of  copper  crusher  cylinders  decreases  consider- 
ably under  repeated  compressions  of  the  same  load.  The  rela- 
tion between  this  decrease  in  length  and  number  of  times  load 
was  applied  is  nearly  proportional  within  certain  limits. 
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Fio.  II. — Cross  section  of  copper  cylinder  annealed  at  5^0°  C.     X  ^00 
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Fig.  13. — Same  cylinder  and  same  spot  as  Fig.  12,  but  after  compression 
at  JO 000  lbs.  per  square  inch.     X  2UO 
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Fig.  15. — Same  cylinder  and  same  spot  as  in  Fig.  14,  but  after  compres- 
sion at  JO 000  lbs.  per  square  inch.      X  ^00 
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2.  The  change  in  length  with  repeated  constant  loads  is  greater 
with  the  greater  load. 

3.  Repeated  application  of  successive  decreasing  loads  causes  a 
gradual  decrease  in  length  within  certain  limits. 

4.  The  length  changes  but  slightly  with  longer  application  of 
load  when  the  load  is  applied  in  such  a  manner  as  to  occasion  the 
maximum  stress  only  for  an  instant. 

5.  Application  of  the  same  load  for  the  same  period  (greater 
than  about  3  seconds) ,  but  holding  the  beam  balanced  by  means 
of  one  additional  application  (impulse)  of  the  same  load  after  the 
beam  had  started  to  drop,  causes  about  twice  the  decrease  in. 
length  observed  in  the  previous  case,  when  the  beam  was  allowed 
to  drop  after  balance  is  obtained. 

6.  Double  application  of  the  same  load  for  2}4  seconds  each 
time,  the  second  load  being  applied  at  some  interval  after  the 
first  load  has  been  released,  causes  a  decrease  in  length  much 
greater  than  in  the  previous  two  cases.  This  holds  true  even  when 
the  pressure  is  applied  for  as  long  as  25  seconds  in  the  case  of 
paragraphs  4  and  5. 

7.  In  case  the  last  load  is  considerably  greater  than  any  pre- 
vious loads,  the  change  in  length  caused  by  the  last  load  is  prac- 
tically independent  of  the  previous  loads — ^that  is,  it  is  the  same 
as  would  be  obtained  by  compressing  a  previously  imcom- 
pressed  cylinder. 

8.  When  two  successive  loads  of  considerable  amount  (approxi- 
mately 40  000  pounds  per  square  inch)  differing  from  one  another 
by  about  2  000  pounds  per  square  inch,  are  applied,  the  second 
being  greater  than  the  first,  the  change  in  length  due  to  the  last 
load  is  considerably  greater  than  that  obtained  where  the  pressiu-e 
is  applied  on  previously  uncompressed  cylinders,  and  this  differ- 
ence increases  as  the  difference  between  the  two  loads  successively 
applied  decreases. 

9.  When  several  successive  loads  of  considerable  amoimt  are 
applied,  differing  by  about  2000  poimds  per  square  inch,  each 
greater  than  the  preceding  load,  the  total  change  in  length  of  the 
cylinders  due  to  the  last  compression  increases  with  the  number 
of  loads  previously  applied. 

10.  Copper  cylinders  annealed  at  1200°  F  650°  C  are  softer 
than  those  annealed  at  1000°  F  540°  C. 

11.  It  is  probable  that  aging  at  temperatiu-es  within  0-100°  C 
softens  the  compressed  copper  somewhat. 
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12.  Concerning  the  use  of  precompressed  or  uncompressed 
copper  cylinders  the  conclusion  from  these  experiments  may  be 
drawn  for  cases  when  the  checking  of  every  copper  cylinder  by 
precompression  is  necessary,  a  precompression  of  the  cylinders  at 
a  pressure  of  at  least  8000  poimds  per  square  inch  below  the 
expected  maximum  pressure  can  be  employed  without  impairing 
the  ability  of  the  precompressed  cylinders  to  register  the  maxi- 
mum presstu-e  in  equally  reliable  manner  as  an  tmcompressed 
cylinder  wotdd. 

Washington,  October  15,  1920. 
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OSCILLOGRAPH  MEASUREMENTS  OF  THE  INSTAN- 
TANEOUS  VALUES  OF  CURRENT  AND  VOLTAGE 
IN  THE  BATTERY  CIRCUIT  OF  AUTOMOBILES 

By  G.  W.  Vinal  and  C.  L.  Snyder 


ABSTRACT 

This  investigation  was  begun  to  study  the  demands  upon  starting  and  lighting 
batteries  in  the  operation  of  various  types  of  automobiles.  By  using  an  oscillograph, 
photographic  records  of  the  current  and  voltage  were  obtained.  In  addition  to  the 
data  relative  to  the  battery  requirements,  the  interpretation  of  the  records  has  indi- 
cated the  possibility  of  using  this  method  for  the  study  of  lubrication,  and  engine 
problems  relating  to  torque,  speed,  friction,  ignition,  compression,  and  distributor 
action.  Oscillograms  obtained  for  five  of  the  cars  measured  are  shown  in  the  illustra- 
tions. The  results  given  are  intended  to  be  suggestive  rather  than  quantitative 
measurements  of  performance. 
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1.  INTRODUCTION 

For  some  months,  at  the  request  of  the  Motor  Transport  Corps 
of  the  War  Department,  the  Bureau  of  Standards  has  been  work- 
ing on  specifications  for  starting  and  lighting  batteries.  These 
specifications  have  now  been  completed  and  will  be  published  as 
the  appendix  to  a  circular  to  be  issued  by  this  Bureau.  Various 
laboratory  tests  have  been  made  also  on  batteries  of  this  class. 
In  addition  to  these  tests  it  seemed  desirable  to  study  the  per- 
formance of  batteries  when  in  actual  use  on  automobiles.  Meas- 
urements of  current  and  voltage  of  the  batteries  as  made  by  the 
ordinary  indicating  instruments  do  not  give  accurate  or  adequate 
information  because  of  the  rapidly  fluctuating  values  of  these 
quantities.  We  have,  therefore,  measured  the  instantaneous 
values  of  current  and  voltage  from  oscillograph  records.     The 
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variations  of  voltage  and  current  when  the  engme  is  operated  by 
the  starter,  and  the  variation  of  charging  current  through  the 
battery  under  running  conditions,  are  shown  in  the  oscillograms 
that  follow. 

In  the  course  of  the  experiments  additional  information  was 
obtained  with  respect  to  the  operation  of  the  starter  system  and 
the  engine  itself.  It  is  intended,  therefore,  in  this  paper  to  point 
out  some  of  the  effects  relating  to  torque,  temperature,  compres- 
sion, lubrication,  distributor  action,  and  flywheel  velocity,  in 
addition  to  the  battery  characteristics.  The  results  which  are 
given  are  suggestive  only  of  the  possible  application  of  this 
method  for  the  study  of  the  performance  of  starter  systems  and 
internal-combustion  engines.  It  is  believed  that  a  development 
of  this  method  may  provide  an  easy  and  exact  method  for  study- 
ing the  operation  of  various  parts.  This  method  was  foimd  en- 
tirely satisfactory  for  studying  the  problems  connected  with  the 
battery. 

Experiments  have  been  made  on  a  number  of  different  cars. 
From  the  records  obtained,  we  have  chosen  those  of  five  cars 
which  are  designated  in  this  paper  as  A,  B,  C,  D,  and  E.  Each 
of  these  cars  was  of  a  well-known  make.  For  piuposes  of  com- 
parison, we  have  given  in  Table  i  data  as  to  the  history  and  char- 
acteristics of  these  cars  which  is  essential  to  a  proper  understand- 
ing of  the  curves.  All  of  the  cars  were  in  ordinary  running  condi- 
tion at  the  time  of  the  test. 


TABLE  1.— Designation  and  Data  of  the  Cars  Tested 


Designation  of  car 

Year 

1916 
1920 
1917 
1917 
1919 

Cylin- 
ders 

MUes 
driven 

Bore 

stroke 

Starter  system 

Battery 
voltage 

A 

15  000 
5000 
12  000 
20  000 
18  000 

m 

3H 

4H 

4 

5 

5H 

Single  unit.... 

Two  unit 

do 

do 

Single  untt.... 

12 

B 

6 

c 

6 

D       .                    

6 

E 

6 

2.    METHODS   AND   APPARATUS 

The  instantaneous  values  of  current  and  voltage  were  obtained 
by  means  of  a  three-element  moving-coil  type  oscillograph.  In 
order  to  obtain  records  for  periods  of  long  duration,  the  ordinary 
film  drum  was  replaced  by  a  camera  of  special  construction  in 
which  bromide  paper  in  rolls   loo  feet  long  was  used.     When 
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making  a  record,  the  sensitized  paper  was  wound  upon  a  drum 
in  the  lower  end  of  the  camera  after  having  passed  the  oscillograph 
slot  through  which  the  recording  images  were  projected.  One  of 
the  elements  was  used  to  record  the  voltage  at  the  terminals  of 
the  battery,  another  the  current  through  the  battery  circuit,  and 
the  third  the  time  record,  which  consisted  of  the  half-second  ticks 
of  a  chronometer. 

The  camera  was  arranged  so  that  the  photographic  paper 
moved  at  a  imiform  speed,  irrespective  of  the  amount  of  paper 
remaining  in  the  camera.  It  was  possible,  however,  to  change 
the  speed  of  the  paper  at  will.  Some  of  the  records  have  been 
made  with  the  paper  moving  at  low  speeds,  about  2  cm  per  sec- 
ond, others  at  an  intermediate  speed  of  3>^  cm  per  second,  but 
most  of  them  at  high  speed,  7X  cm  per  second. 

In  order  to  measure  the  current  through  the  battery  circuit,  a 
shimt  of  0.006  of  an  ohm  resistance  was  inserted  in  the  circuit  at , 
the  battery.  Potential  wires  from  this  shunt  were  connected 
with  the  current  element  in  the  oscillograph.  Measurements  of 
the  current  and  voltage  were  also  made  simultaneously  by  an 
ammeter  and  voltmeter.  These  meters  have  too  slow  a  period  to 
give  the  initial  values.  The  meter  readings,  however,  gave  satis- 
factory average  values  for  the  current  and  voltage  when  the 
starter  was  operated  at  a  imiform  rate.  Such  readings  were  used 
as  a  check  upon  the  calibration  of  the  elements  in  the  oscillo- 
graph. The  deflections  of  the  elements  were  approximately  pro- 
portional to  the  current  or  voltage  measured.  In  some  cases, 
however,  a  deviation  was  found,  which  may  have  been  due  to  the 
slight  tension  of  the  element.  The  tension  was  necessarily  re- 
duced to  a  minimum  in  order  to  give  sufficient  deflection.  It 
was  foimd  necessary  to  calibrate  the  current  and  voltage  elements 
with  steady  currents  and  voltages  which  could  be  accurately 
meastued.  This  calibration  was  necessarily  repeated  each  time 
the  tension  of  any  element  was  altered,  or  when  the  gold  fuses 
were  replaced.  It  will  be  noted  that  the  half-second  ticks  of  the 
time  record  are  imequal.  This  was  due  to  the  action  of  the  relay 
in  the  circuit.  From  the  beginning  of  one  second  to  the  begin- 
ning of  the  next  second,  however,  can  be  considered  as  one  second 
to  a  very  high  degree  of  acciu-acy. 
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3.    VARIATIONS   IN   VOLTAGE  AND    CURRENT 

The  general  character  of  the  curves  ^  obtained  is  shown  in  the 
figures  following.  All  of  these  oscillograms  begin  at  the  right  and 
are,  therefore,  to  be  read  from  right  to  left.  A  more  detailed 
examination  of  these  and  similar  figures  will  be  given  in  the  later 


Fig.  I. — Record  of  current  and  voltage  in  the  battery  circuit  of  car  A 
when  the  starter  was  cranking  the  engine  without  ignition 

The  fluctuations  in  these  curves  show  the  effect  of  compression  in  the  cylinders. 
The  initial  current  was  approximately  125  amperes.  The  time  scale  in  half-seconds 
is  shown  at  the  top  of  the  record 

sections.  Fig.  i  shows  curves  for  car  A.  The  time  intervals  are 
recorded  at  the  top  of  the  record.  The  two  curves  below  represent 
the  fluctuations  of  the  voltage  and  current  of  the  battery  when  the 
starter  is  in  operation.  The  successive  peaks  of  the  latter  show 
the  increase  of  current  for  each  compressive  stroke.  Fig.  2  shows 
the  operation  of  the  same  system  with  the  ignition.     It  will  be 


Fig.  2. — Record  of  the  same  car  as  Fig.  I  when  the  engine  was  running 

The  engine  started  on  the  second  compression.  The  voltage  curve  falls  at  the 
beginning,  but  rises  to  higher  values  as  soon  as  the  charging  current  begins.  The 
charging  current  lies  slightly  below  the  zero  current  value  at  the  ends  of  the  reconl 

seen  from  the  curve  that  the  engine  started  on  the  second  com- 
pression somewhat  less  than  one  second  after  the  starter  switch 
was  closed.  The  variations  in  the  current  curve  will  be  explained 
under  the  head  of  section  6.     Figs.  3  and  4  show  similar  observa- 

'  Vincent,  Trans.  See.  Auto.  Kng.,  n,  part  i,  p.  194;  1916  has  derived  mechanically  the  general  shape 
of  the  torque  curves  for  6,  8,  and  12  cylinder  engines.  The  current  curves  of  our  oscillograms  are  propor- 
tional to  the  torque  and  show  actual  jx-rformance. 


Digitized  by 


Google 


Automobile  Batteries 


Fig.  5. — Record  of  current  and  voltage  in  battery  circuit  of  car  C 
operated  without  the  ignition 

The  current  fluctuated  rapidly  during  the  first  half-second 
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Fig.  8. — Record  for  the  same  car  as  Fig.  7  Ttdih 
the  ignition 

The  eni^e  started  in  about  i  scooad 
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tions  made  on  car  B.  The  initial  current  values  of  both  Figs.  3 
and  4  are  beyond  the  limits  of  the  paper.  During  the  first  half 
second  the  current  fluctuated  violently  between  200  and  300 
amperes.  In  Fig.  3  it  may  be  seen  that  the  minimum  voltage 
values  correspond  with  the  maximum  current  values.     This  is 


Fig.  9. — Record  of  current  and  voltage  in  the  battery  circuit  of  car  E  as  the  starter  cranks 
the  engine,  without  the  ignition 

The  time  scale  of  this  and  succeeding  figures  has  been  enlarged.  The  initial  current  was  about  425 
amperes.  By  comparing  this  figure  with  Pi?.  18,  in  which  only  one  bank  of  this  engine  was  used,  the  over- 
laptnng  effect  of  the  cylinders  may  be  seen 

true  of  the  other  illustrations  also,  but  in  most  of  them  it  is  not 
as  clearly  seen  as  here.  The  motor  was  started  with  the  ignition 
on  the  battery  in  Fig.  4.  The  discontinuous  point  in  the  current 
curve  shows  the  time  at  which  the  starter  pedal  was  released.  A 
corresponding  rise  in  the  voltage  is  to  be  observed.  Figs.  5  and  6 
were  obtained  on  car  C.     The  characteristics  shown  are  somewhat 


Fig.  10. — Record  similar  to  Fig.  g  but  with  the  ignition 

A  point  of  zero  value  in  the  current  curve  after  the  engine  started  indicates  the  operation  of  the  reverse- 
current  relay 

similar  to  those  in  Figs.  3  and  4.  Figs.  7  and  8  were  obtained  on 
car  D.  These  curves  are  without  the  violent  fluctuations  observed 
during  the  first  half  second  in  the  case  of  the  four  preceding  curves. 
Figs.  9  and  10  show  curves  for  car  E.  The  initial  ciurent  was 
approximately  425  amperes,  decreasing  to  an  average  running 
value  of  about  150  amperes,  as  shown  in  Fig.  9.     In  Fig.  10  the 
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ignition  switch  was  closed  and  the  engine  started  at  the  end  of 
two  and  one-fourth  seconds. 

In  the  illustrations  for  the  various  cars,  characteristic  differ- 
ences are  apparent  in  the  current  and  voltage  curves.  A  com- 
parison of  these  curves,  shown  in  Figs,  i,  3,  5,  7,  and  9,  indicates 
that  some  are  more  nearly  sine  curves  than  others.     These  differ- 


FiG.  II. — Record  from  car  A  at  radiator  temperature  20°  C 
The  readings  taken  from  these  curves  are  given  in  Table  2 

ences  are  probably  characteristic  of  differences  in  the  designs  of 
the  engines.  By  making  a  harmonic  analysis  of  such  curves,  it 
might  be  possible  to  trace  the  effects  of  the  timing  of  the  valves 
and  other  factors.  For  such  an  analysis  it  would  be  desirable  to 
increase  the  time  scale  as  has  been  done  in  Figs,  ii,  12,  and  13. 
We  have  not  attempted  such  a  harmonic  analysis  in  this  paper. 


Fig.  12. — Record  as  for  Fig.  ii  hut  at  radiator  temperature  of  jo°  C 
The  readings  taken  from  these  curves  arc  given  in  Table  2 

Figs.  2,  4,  6,  8,  and  lo  show  characteristic  differences  in  the  starter 
systems,  particularly  between  the  single  and  two-unit  systems. 

The  sensibility  of  the  oscillograph  was  not  the  same  for  all  of  the 
measurements,  and  some  differences  in  appearance  of  the  curves 
have  been  caused  by  variations  in  the  intensity  and  width  of  the 
beam  of  light.     The  cars  were  all  in  ordinary  nmning  condition. 
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4.    EFFECT    OF   TEMPERATURE 

Figs.  II,  12,  and  13  show  the  effect  of  the  temperature  of  the 
engine  on  the  current  and  voltage  required  for  starting.  The 
engine  was  operated  by  the  starter  without  ignition.  These 
curves  were  obtained  on  car  A  at  radiator  temperattwes  of  20, 
50,  and  77°  C  (68,  122,  and  171°  F),  respectively.  The  initial 
values  for  current  and  voltage  have  been  read  from  these  curves 
and  tabulated  in  Table  2,  together  with  the  values  obtained  when 
the  speed  was  constant.  The  average  operating  values  of  current 
and  voltage  at  constant  speed  as  read  from  the  curves  agree  closely 
with  the  values  given  by  the  indicating  instruments  in  the  circuit. 
The  difference  between  the  maximum  and  minimum  values  at 
constant  speed  is  the  amplitude  of  column  9  in  the  table.     It  will 


Fig.  13. — Record  as  for  Figs.  11  and  12,  but  at  radiator  temperature  oj  yy^  C 

The  readings  taken  from  these  cur\'es  arc  given  in  Table  2 

be  seen  by  comparing  the  results  for  this  car  at  20°  C  with  those 
at  higher  temperatures  that  the  initial  starting  current  does  not 
decrease  in  the  same  proportion  as  the  operating  current,  when 
the  temperature  is  increased.  This  indicates  that  the  initial  cur- 
rent which  the  battery  must  supply  depends  more  on  the  inertia 
of  the  system  than  on  the  temperatiu-e  of  the  engine.  The  aver- 
age operating  current  at  50°  C  is  practically  the  same  as  the  cur- 
rent at  77°  C.  A  change  is  to  be  noted,  however,  in  the  amplitude 
of  the  fluctuations.  At  20°  C  the  amplitude  is  36  amperes,  at  50° 
C  it  is  28  amperes,  and  at  77°  C  it  is  16  amperes.  The  significance 
of  these  changes  will  be  brought  out  more  clearly  later  on.  On 
examination  of  these  curves  with  reference  to  the  time  scale,  it 
will  be  seen  that  the  speed  of  the  engine  may  be  easily  computed 
since  there  are  two  compressions  for  each  revolution  of  the  crank 
shaft.  The  values  for  the  car  E  given  in  Table  2  have  been  com- 
puted from  1 1  oscillograms,  which  are  not  shown  as  illustrations. 
The  power  required  initially  to  start  the  system  in  motion  and  the 
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average  operating  power  when  the  speed  was  constant  show  little 
change  due  to  temperature  above  35°  C.  It  will  be  noticed  in 
the  table  that  slightly  more  power  is  required  initially  to  start  the 
system  when  the  throttle  is  closed,  but  that  the  average  operating 
power  is  less  if  the  speed  remains  constant.  The  latter  result  may 
be  due  to  effects  produced  by  the  greater  compression  in  the 
cylinders  when  the  throttle  is  open.  As  these  observations  were 
made  in  the  summer  it  was  not  convenient  to  obtain  tempera- 
tures below  those  given  in  the  table.  The  power  required  to 
overcome  the  inertia  of  the  system  is  somewhat  less  than  the 
lowest  figure  given  in  coltunn  10  of  Table  2.  The  power  required 
to  overcome  the  compression  is  practically  constant,  irrespective 
of  the  temperature,  provided  the  throttle  opening  is  fixed.  The 
power  to  overcome  friction  would  probably  increase  rapidly  at 
temperatures  below  those  recorded  here,  as  is  indicated  by  Fig.  20. 
The  increase  in  average  operating  power  required  for  car  E  at  the 
highest  temperatures  suggests  increased  friction.  The  engine  had 
been  nm  for  a  considerable  period  of  time  to  increase  the  tem- 
perature. The  oil  and  bearings  had  become  heated  and  it  is 
probable  that  the  bearings  were  tighter  at  the  higher  tempera- 
tures because  the  engine  had  just  been  overhauled.  Similar 
effects  might  also  be  produced  by  insufficient  lubrication  at  these 
temperatures. 

TABLE  2. — ^Instantaneous  and  Average  Values  of  Current  and  Voltage  Read  from 
Figs.  11,  12,  and  13  for  the  Car  A  and  from  Other  Oscillograms  Which  Are  Not 
Shown  for  the  Car  E 


Tem- 
pera- 
ture of 
radi- 
ator 
water  o 

Engine 

Throttle 

Initial  values 

Average  operat- 
ing values 

Ampli- 
tude of 
cur- 
rent 

Power  required 

Car 

Cur- 
rent 

Amp. 

136 
127 
117 
455 
449 
400 
409 
417 
432 
417 

Volt- 
age 

Cur- 
rent 

Volt- 
age 

Initial 

ing 

A 

•  C 

20 
50 
77 
25 
25 
35 
35 
65 
69 
82 

r  pm 
116.8 
162.6 
150.9 
89.0 
90.0 
91.6 
94.6 
93.7 
100.0 
96.0 

Closed.... 

do.... 

do... 

Closed  b.. 

Openfc.... 

Closed.... 

open  * — 
do.... 

Closed.... 

Open 

Volts 

10.3 
11.1 
11.1 
4.64 
4.62 
4.57 
4.44 
4.46 
4.56 
4.42 

Amp. 
62 
38 
40 
133 
137 
136 
140 
138 
148 
154 

VoMs 

11.1 

11.8 

11.8 
5.61 
5.62 
5.38 
5.36 
5.37 
5.40 
5.38 

Amp. 
36 
28 
18 

Watts 
1400 
1410 
1300 
2110 
2073 
1826 
1814 
1860 
1984 
1842 

Watts 
688 

A 

449 

A 

472 

E 

746 

E 

770 

E... 

732 

E 

752 

E 

742 

E... 

800 

E.... 

829 

a  Atmospheric  temperature  for  measurements  on  the  car  A,  25°  C;  for  the  car  Bt  tS*  C 
^  Observations  are  the  mean  of  two  determinations. 
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S.    EFFECT   OF   COMPRESSION  AND   LUBRICATION 

In  order  to  clearly  demonstrate  that  the  fluctuations  in  the 
current  curve  are  due  to  compression  in  the  cylinders,  a  run  was 
made  in  which  one  priming  cup  was  removed.  The  results  of  this 
experiment  on  the  car  A  are  shown  in  Fig.  14.  This  illustration 
shows  that  there  was  onlv  a  slight  compression  in  the  cylinder  that 
was  open. 

The  power  furnished  by  the  battery  is  expended  in  several  ways: 
First,  there  is  a  small  part  which  is  used  up  within  the  starter  itself. 
This  may  be  measured  as  in  the  case  of  any  electric  motor.  A 
second  part  is  expended  in  compressing  the  gas  within  the  cylinders. 
A  third  part  is  expended  in  overcoming  friction  in  the  engine  and 


PlG.  14. — Experiment  to  show  the  effect  of  compression  on  the  record  of  current  and  voltage 

of  the  battery 

A  pet  code  was  removed  from  one  cylinder,  car  A.  The  compressive  stroke  in  tliis  cylinder  was  quicker 
than  for  the  others,  but  the  succeeding  downward  stroke  occupied  more  time.  As  there  was  little  com- 
pression in  this  cylinder  no  energy  was  returned  to  the  system  by  compressed  gas 

varies  with  the  speed  and  the  lubrication.  A  fourth  part  is  used 
for  ignition  on  some  cars.  The  amount  of  power  which  the  battery 
furnishes  may  be  obtained  for  any  instant  by  multiplying  the 
instantaneous  values  of  current  and  voltage.  If  this  product  is 
also  multiplied  by  an  increment  of  time,  we  may  obtain  the  total 
energy  or  work  done  by  the  battery  during  this  instant  of  time. 

It  is  apparent,  therefore,  that  careful  measurements  of  the 
electric  power  and  time  can  furnish  information  as  to  the  amount 
of  work  being  done  by  the  battery  during  any  part  of  a  cycle.  One 
significant  result  of  this  may  be  seen  in  Fig.  14,  where  it  will  be 
observed  that  the  engine  speeds  up  in  passing  what  would  have 
been  the  compression  stroke  of  the  cylinder  had  the  priming  cup 
not  been  removed.  As  there  was  no  compression  in  this  cylinder, 
no  energy  could  be  retiuned  to  the  system  by  compressed  gas. 
The  increased  time  required  to  reach  the  next  maximum  (Fig.  14) 
shows  that  the  engine  decreased  in  speed.     This  fact  is  determined 
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by  measuring  the  distance  between  the  successive  maximum  values 
of  the  curve.  A  rolling  effect  results,  which  may  be  noticed  by  the 
difference  in  height  of  the  successive  maximum  values.  The  watts 
delivered  by  the  battery  may  be  used  as  a  sensitive  and  exact 
method  of  determining  the  instantaneous  speed  of  the  flywheel. 
The  greater  the  inertia  of  the  flywheel  the  smaller  will  be  the 
fluctuations  of  the  current  and  voltage  ctuves. 


Fig.  15. — Showing  the  effect  of  removing  all  spark  plugs  on  the  current  curve,  car  A 

Two  records  have  been  superposed.     Both  were  made  with  a  radiator  temperature  of  so*  C.     For  one  tho 
spark  pluiTS  were  in  place,  for  the  other  they  were  all  removed 

The  curves  of  Figs.  11,  12,  and  13  (car  A)  show  a  decreased 
amplitude  at  the  higher  temperatures.  This  suggests  the  conclu- 
sion that  the  amplitude  for  this  type  of  engine  depends  on  lubri- 
cation as  well  as  compression.  The  effect  due  to  friction  is  least 
at  the  top  and  bottom  of  the  stroke  and  greatest  when  the  crank 
arm  and  the  connecting  rod  are  at  right  angles.  This  result  has 
been  confirmed  by  experiments  using  one  bank  of  the  engine  of 
car  E. 


Fig.  16. — Same  as  Fig.  15  but  at  radiator  temperature  of  4f^  C 
The  curve  for  plues  out  is  lower  than  in  Fig.  i  s  and  higher  than  in  Fig.  1 7. 

It  is  possible  to  separate  the  effect  of  compression  from  that  of 
friction  and  other  losses  by  relieving  the  compression  in  all  of  the 
cylinders.  This  might  best  be  done  by  removing  the  head  of  the 
engine,  but  in  these  experiments  the  compression  was  more  con- 
veniently relieved  by  removing  the  spark  plugs.  A  series  of  com- 
parative measurements,  the  results  of  which  are  shown  in  Figs. 
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15,  16,  and  17,  were  made  on  the  car  A  at  three  different  radiator 
temperatures,  20,  47,  and  84°  C  respectively.  These  figures  show 
that  the  curves  obtained  when  the  spark  plugs  were  removed  are 
devoid  of  the  marked  fluctuations  of  current  observed  when  the 
spark  plugs  were  in  place.  At  each  temperature  a  record  of  the 
current  values  was  made  with  the  spark  plugs  in,  followed  by  an 


Fig.  17. — Same  as  Figs.  1$  and  16  hut  at  radiator  temperature  0/84°  C 
Values  read  from  Figs.  15, 16,  and  17  are  used  in  Fig.  20 

exactly  similar  measurement  with  the  spark  plugs  removed.  As 
there  was  no  combustion  in  the  cylinders  the  temperature  of  the 
radiator  water  is  a  fair  indication  of  the  temperature  of  the  walls 
of  the  cylinders.  The  corresponding  curves  for  each  tempera- 
tiu-e  have  been  superposed  and  traced  together  in  Figs.  15,  16, 
and  17,  care  being  taken  to  make  them  in  perfect  register,  both  as 
to  the  beginning  of  the  curves  and  their  position  with  respect  to 


Fig.  18. — Curves  of  current  and  voltage,  car  E,  having  all  spark  plugs  removed  from 

one  bank  of  the  engine 

Comparisun  of  this  with  Fig.  9  shows  the  overlapping  power  strokes  when  all  cylinders  are  in  use 

the  horizontal  axis.  The  results  obtained  at  20°  C  show  that  the 
curve  without  compression  is  practically  tangent  to  the  lower 
values  of  current  when  the  spark  plugs  are  in  position.  At  the 
higher  temperatures  this  curve  falls  somewhat  below  the  minimum 
current  values.  Fig.  18  shows  the  results  of  an  experiment  on 
the  car  E  with  the  spark  plugs  removed  from  the  left  bank.     By 
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comparing  this  with  Fig.  9  the  overlapping  eflfect  of  the  cylinders 
when  all  are  in  use  may  be  seen.  Fig.  19  shows  the  results  of  an 
experiment  on  the  car  E  from  which  all  spark  plugs  had  been 
removed.  The  same  high  value  of  the  initial  current  is  to  be  noted 
in  this  figure  as  in  Figs.  9  and  18.  If  Figs.  18  and  19  were  super- 
posed, the  current  curve  of  Fig.  19  would  be  tangent  to  the  bottom 
of  the  current  curve  of  Fig.  18. 

The  solid  curves  given  in  Fig.  20  show  the  relation  between 
the  temperature  and  viscosity  of  the  oil  used  in  car  A.  The  values 
are  plotted  in  terms  of  absolute  units  of  viscosity  and  also  in  more 
familiar  units,  Saybolt  seconds.  The  dotted  curve  gives  the  rela- 
tion between  the  temperature  and  current  in  tiuning  the  engine 
after  the  inertia  of  the  system  had  been  overcome.  These  data 
were  obtained  from  Figs.  15, 16,  17.     The  current  is  proportional 


Fig.  19. — Curve  of  current  and  voltage^  car  E,  having  all  spark  plugs  removed 

The  initial  value  of  current  in  this  figure  is  about  425  amperes,  which  is  the  same  as  for  Fig.  9  when  all  the 
spark  plu^  were  in  place 

to  the  torque.  These  curves  are  plotted  to  an  arbitrary  scale. 
The  marked  similarity  suggests  a  decrease  in  friction  with  increas- 
ing temperature.  These  curves  show  a  proportionality  to  exist 
between  the  viscosity  of  the  oil  and  the  power  required  of  the 
battery  to  turn  the  engine. 

A  number  of  experiments  were  made  on  the  car  A  at  tempera- 
tures of  20,  50,  and  80°  C,  to  determine  the  power  consumed  by 
the  starter  system  for  various  throttle  openings.  In  Fig.  21  we 
have  plotted  the  values  read  from  the  oscillograms  for  power  and 
engine  speed  plotted  against  an  arbitrary  scale  of  throttle  open- 
ings. We  have  also  plotted  the  compression  curve  as  measured 
by  a  gage  for  the  same  throttle  openings  as  well  as  these  could  be 
determined  without  the  use  of  fixed  orifices  in  the  carburetor. 

It  appears  that  if  the  amount  of  energy  lost  in  the  starter  itself 
is  known  and  deducted  and  the  compression  released  by  removing 
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either  the  spark  plugs  or  the  head  of  the  engine,  the  electrical 
power  necessary  to  overcome  friction  may  be  calculated.  In  this 
way  comparative  measurements  of  the  lubricating  properties  of 
different  oils  and  friction  losses  in  various  parts  of  the  machine 
might  be  made  under  running  conditions. 


to    20    30    40    so    60    70    eo 


Fig.  20. — Relation  of  electric  current  in  starter  circuit  to  viscosity 
of  the  oil  used  in  the  engine 

The  currents  measured  in  amperes  as  given  by  the  curves  of  Figs.  15, 16,  and  17, 
spark  plugs  removed,  have  been  plotted  against  the  temperature.  The  viscosity 
of  the  oil  in  absolute  tmits  has  been  plotted  for  comparison.  The  similarity  indi- 
cates a  proportionality  between  the  viscosity  and  the  current.  The  viscosity 
expressed  in  Saybolt  seconds  is  given  also 

At  this  point  it  may  be  interesting  to  examine  a  curve  which 
was  obtained  when  one  of  the  four  cylinders  of  the  car  A  was 
leaking.  The  exact  cause  of  the  leak  is  not  known,  but  is  supposed 
to  have  been  due  to  a  particle  of  carbon  lodged  in  an  exhaust 
valve.     A  curve  showing  the  result  is  given  in  Fig.  22,  in  which  it 


Digitized  by 


Google 


i8 


Technologic  Papers  of  the  Bureau  of  Standards 


will  be  noted  that  every  fourth  maximum  is  considerably  lower 
than  the  others. 

Under-  this  head  there  remains  to  be  described  one  peculiar 
phenomenon  which  was  observed  in  the  experiment  with  the 
spark  plugs  out.  It  was  observed  in  some  cases  where  air  was 
drawn  directly  into  the  cylinder,  either  by  removing  the  spark 
plugs  or  taking  out  the  priming  cups,  that  greater  demands  were 
made  on  the  battery  in  order  to  operate  the  starter  after  the  spark 
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Fig.  21. — Relation  between  throttle  opening  and  electric  power  in  watts  delivered  by  the 
battery  in  cranking  the  engine  of  car  A  at  20,  $0,  and  80°  C.  The  speed  inr  ptnis  also 
shown 

The  dotted  curve  represents  the  compression  in  the  cylinders  measured  by  a  gage  for  the  same  throtUe 
openings  as  nearly  as  these  could  be  repeated  with  the  hand  lever.  The  scale  of  throttle  openings  is 
arbitrary 

plugs  had  been  again  replaced ;  that  is  to  say,  more  work  was  re- 
quired to  turn  the  engine  over.  In  Fig.  23  this  effect  is  shown  by 
the  shape  of  the  current  curve.  This  record  was  made  with  a 
radiator  temperature  of  47°  C,  immediately  after  the  spark  plugs 
had  been  replaced.  The  ciu^e  shows  the  initial  effort  of  the  bat- 
tery to  have  been  exceeded  by  a  second  maximum  which  lasted 
for  more  than  a  half  second,  during  which  the  engine  did  not  turn. 
After  gradually  passing  this  maximum,  the  normal  operation  was 
restored.  The  same  phenomenon  is  to  be  noticed  in  another 
curve.  Fig.  24,  which  was  made  immediately  after  an  experiment 
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Fig.  24. — Effect  similar  to  that  of  Fig.  2 j,  following  the  experiment  of  Fig.  14 
The  pet  cock  had  been  replaced.     The  sticking  effect  at  the  first  compression  was  repeated  at  the  fifth 
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in  which  a  priming  cup  was  removed  from  one  cylinder.  Here 
again  it  is  observed  that  the  first  compression  stroke,  viz,  that  of 
the  cylinder  from  which  the  priming  cup  had  been  removed  and 
replaced,  required  as  much  power  as  was  initially  expended  by 
the  battery  in  starting  the  system  in  motion.  The  gas  which  was 
contained  in  the  cylinder  at  this  time  was,  of  course,  expelled  by  the 
succeeding  stroke,  but  an  excessive  power  consumption  was  again 
observed  on  the  next  compression  in  this  cylinder  as  shown  by  the 
fourth  maximum.  The  ignition  switch  was  on  during  this  experi- 
ment, and  the  engine  began  to  operate  on  the  next  stroke,  hence 
it  is  not  possible  to  tell  whether  this  effect  persisted.  The  cause 
of  this  peculiar  characteristic  is  not  known. 


Fig.  25. — The  starting  of  the  engine  of  car  A  and  characteristics  of  the  charging  current 

A  and  A'  represent  the  operation  of  the  reverse-current  relay;  B,  starter  pedal  released;  C,  engine  speed 
increased;  decreased  at  D\  ignition  cut  oflf  at  E.  Interruptions  in  charging  current  are  due  to  contacts  of 
ignition  system 

6.    CHARACTERISTICS   WITH   THE   ENGINE   RUNNING 

Experiments  upon  the  car  A  similar  to  those  shown  in  Figs. 
II,  12,  and  1 3  have  been  made  with  ignition  on.  One  of  the  curves 
which  has  been  thus  obtained  is  shown  in  Fig.  25.  In  Fig.  25 
the  initial  value  of  the  current  recorded  is  136  amperes,  which  is 
exactly  equal  to  that  of  Fig.  1 1 .  The  initial  value  of  the  voltage, 
10.3  volts,  is  also  the  same.  The  engine  started  on  the  second 
compression  and  the  current  values  fell  below  the  initial  line, 
which  shows  that  the  battery  was  being  charged.  An  immediate 
rise  in  the  voltage  curve  to  a  point  above  open-circuit  voltage 
shows  this  to  be  true.  At  the  point  A  on  the  ciurent  curve 
and  a  corresponding  point  A'  on  the  voltage  curve  is  a  short 
horizontal  region  where  it  is  probable  that  the  reverse- 
current  relay  operated.  The  charging  voltage  rises  to  2.7  volts 
per  cell,  or  16.4  volts  for  the  battery  as  a  whole.  This  high  charg- 
ing voltage  was  due  to  the  high  rate  at  which  the  battery  was 
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being  charged  during  the  time  that  the  starter  switch  was  still 
closed.  At  the  point  marked  B  the  starter  switch  was  released. 
An  immediate  decrease  in  the  charging  voltage  and  the  charging 
current  was  observed.  The  charging  current  decreased  at  regular 
intervals,  the  spacing  of  which  varied  with  the  speed  of  the  engine. 
The  engine  was  racing  at  C  and  slowed  down  at  D.    The  ignition 


Fig.  26. — Ignition  current,  car  A,  engine  running  slowly 
Note  inequalities  in  time  of  contact 

was  cut  off  at  E.  It  will  be  noted  that  these  fluctuations  in  the 
charging  current  ceased  at  the  time  the  ignition  was  cut  off. 
Further  study  to  determine  the  cause  of  these  fluctuations  showed 
that  they  occurred  every  time  that  the  circuit  was  made  through 
the  primary  coil  of  the  ignition  system.     A  magnification  of  these 


Fig.  27. — Variation  in  charging  current  due  to  changing  engine  speed,  car  A 

The  charging  current  changed  to  discharge  current  at  437  r  p  m  of  the  crank  shaft.     The  speed  at  any 
time  can  be  calculated  by  counting  the  interruptions  with  respect  to  the  time  scale 

current  fluctuations  is  shown  in  Fig.  26.  Here  it  will  be  seen  that 
the  duration  of  time  that  the  current  flowed  through  the  primary 
coil  was  appreciably  longer  in  the  case  of  the  contacts  marked  i 
and  2  than  for  those  marked  3  and  4.  This  inequality  in  the 
action  of  the  contact  points  is  probably  due  to  inequalities  in  the 
cam  which  operates  the  contact  points,  or  possibly  to  wear  in  the 
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distributor  cam-shaft  bearings.  By  comparing  Fig.  26  with 
Fig.  10  it  may  be  seen  that  the  shape  of  the  fluctuations  in  the 
current-charging  curves  are  quite  different  although  both  had  the 
same  system  for  ignition.  The  difference  is  explained  by  the 
difference  in  the  cams  in  the  distributors. 

Since  the  current  passes  through  the  primary  of  the  ignition 
coil  twice  for  each  revolution  of  the  crank  shaft  of  the  car  A,  it  is 
possible  to  determine  the  exact  speed  of  the  engine  by  measuring 
the  distance  between  any  given  niunber  of  these  points  in  the 
charging  curve  with  respect  to  the  time  scale.  This  is  also  pos- 
sible for  the  car  E,  for  which  there  are  four  contacts  for  each 
revolution.  The  exactness  with  which  the  speed  of  rotation  may 
be  measured  by  this  method  affords  the  possibility  of  determin- 
ing small  changes  in  the  velocity  of  the  flywheel  system  from  one 
revolution  to  another,  which  can  not  be  done  by  a  tachometer. 


FlG.  28. — Variations  of  charging  rate  at  increasing  speeds ,  car  A 
The  action  of  a  limiting  relay  is  shown  at  s)o7  r  p  m  of  the  crank  shaft 

Figs.  27  and  28  show  the  characteristics  of  the  charging  current 
at  varying  speeds  as  observed  on  the  car  A.  In  Fig.  27  the  speed 
was  low,  but  in  Fig.  28  it  is  much  higher.  The  engine  speed  can 
be  computed  as  described  above.  These  curves  are  shown  here 
to  illustrate  the  applications  of  this  method  of  measurement 
rather  than  to  give  quantitative  measurements  on  this  starter  or 
system. 

7.    CONCLUSIONS   AND   SUMMARY 

This  investigation  was  begun  to  study  the  demands  upon  start- 
ing and  lighting  batteries  in  the  operation  of  various  types  of 
automobiles.  Illustrations  of  the  oscillograms  obtained  for  five 
of  the  cars  measured  have  been  included  in  this  paper.  These 
cars  were  loaned  for  these  experiments  by  various  individuals  and 
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by  the  Motor  Transport  Corps  of  the  Army.  Dr.  H.  C.  Dickin- 
son, of  this  Bureau,  and  Majors  M.  O.  Boone  and  G.  H.  Totten, 
of  the  Motor  Transport  Corps,  gave  valuable  suggestions  and  co- 
operation. 

The  results  obtained  enable  us  to  determine  the  instantaneous 
values  of  current  and  voltage  when  the  starting  system  is  in  oper- 
ation. The  interpretation  of  the  records  has  also  indicated  the 
possibility  of  using  this  method  for  the  study  of  lubrication  and 
engine  problems  relating  to  torque,  speed,  friction,  ignition,  com- 
pression, distributor  action,  etc.  A  large  nimiber  of  oscillograms 
illustrating  these  applications  have  been  given.  These  are  in- 
tended to  be  suggestive  rather  than  quantitative  measurements  of 
performance,  since  the  observations  were  all  made  on  cars  in  nm- 
ning  condition,  without  fixed  orifices  on  the  carbtu-eter  or  con- 
stant speed  control. 

WASfflNGTON,  October  6,  1920. 
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A  STUDY  OF  TEST  METHODS  FOR  THE  PURPOSE  OF 
DEVELOPING  STANDARD  SPECIFICATIONS  FOR 
PAPER  BAGS  FOR  CEMENT  AND  LIME 

By  Paul  L.  Houston 


ABSTRACT 

This  technologic  paper  contains  information  relating  to  the  methods  of  testing 
and  the  apparatus  employed  in  determining  the  quality  of  paper  bags  for  lime  and 
cement.  A  brief  description  is  given  of  the  ordinary  tests  performed  on  paper,  such 
as  weight  in  pounds  of  the  standard  size  ream  2  5  X40 — 500,  bursting  strength  in  points, 
tensile  strengthen  kilograms,  stretch  in  centimeters,  folding  endurance  in  number  of 
double  folds,  percentage  of  fiber  composition,  percentage  of  ash,  and  percentage  of 
rosin  sizing.  A  special  test  is  developed  for  giving  numerically  the  stresses  and 
strains  that  the  paper  of  these  bags  undergo  in  service.  This  test  is  called  a  resiliency 
or  endiu-ance  test.  A  service  test  is  also  given  to  determine  the  breaking  strength 
of  liie  paper  when  the  bags  are  filled  and  dropped .  A  comparison  is  made  of  the  results 
of  this  test  with  the  results  of  the  above  resiliency  test.  Another  service  test  is  devel- 
oped for  determinining  the  strength  of  the  adhesives  used  in  these  bags.  The  results  of 
all  these  tests  are  tabulated,  and  from  these  data  the  very  best  quality  bags  are  chosen. 
In  the  conclusions,  special  consideration  is  given  this  choice  of  best  bags  in  deter- 
mining the  characteristics  of  a  ^ood  quality  bag,  and  specifications  are  drawn  up 
accordingly. 
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I.  INTRODUCTION 

1.  PURPOSE  OF  TESTS 

The  purpose  of  these  tests  is  to  aid  the  paper-bsig  manuf  acttirers 
to  meet  the  reqiiirements  of  the  lime  and  cement  manufacturers 
in  obtaining  a  suitable  paper  bag  in  which  to  ship  their  product. 
For  a  number  of  years  the  paper-bag  manufacturers  have  attempted 
to  manufacture  such  an  article  to  substitute  for  the  cotton  bag 
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that  had  hitherto  been  used  with  great  expense  to  the  lime  and 
cement  industries  because  of  the  high  price  of  cotton.  The 
success  of  the  paper-bag  industry  in  this  undertaking  has  been 
varied.  A  few  of  the  consumers  have  given  favorable  reports 
on  the  use  of  their  product,  while  others  have  claimed  the  bags 
fail  in  service.  A  ntmiber  of  consumers  claim  the  glue  gives  way 
easily  if  the  bags  are  held  in  storage  any  length  of  time.  Since 
the  bag  manufacturers  have  been  unable  to  derive  any  decided 
benefit  from  the  above  reports  of  the  consumers,  the  present 
study  was  undertaken  in  order  to  develop  specifications  for  these 
paper  bags. 

2.  DlSCnSSIOn  OF  MATBRIALS  AlTD  APPARATUS  USED 

The  materials  used  for  this  study  were  r^resentative  samples 
of  paper  bags  obtained  from  a  ntmiber  of  the  leading  bag  manu- 
facturers. The  bags  were  given  the  following  identification 
numbers:  14373,  14374,  14375,  14376,  14377,  14378,  14379, 
14380,  and  14381.  The  apparatus  used  was  the  Mullen  paper 
tester,  Jhe  paper  scales,  the  200  kg  tensile-strength  instrument, 
the  50  kg  tensile*strength  instrument,  the  folding  endtu-ance 
machine,  microscope,  glass  slides,  test  tubes,  extraction  flasks, 
siphon  cups,  evaporating  dishes  and  crucibles,  all  of  which  are  used 
for  ordinary  physical  and  chemical  tests.  Descriptions  and  photo- 
graphs of  these  instruments  and  apparatus  may  be  obtained  from 
circular  of  the  Bureau  of  Standards  No.  107,  with  the  exception  of 
the  large  200  kg  tensile-strength  machine.  The  description  and 
photograph  of  the  tensile-strength  apparatus  in  the  above  circular 
apply  to  the  small  50  kg  instrument.  However,  the  200  kg  and 
the  50  kg  instruments  are  practically  identical  in  construction,  the 
200  kg  machine  being  used  for  any  material  breaking  at  or  imder 
a  load  of  200  kg,  the  50  kg  machine  for  material  breaking  at  or 
imder  a  50  kg  load.  In  addition  to  the  above  paper-testing  instru- 
ments a  wooden  platform  with  trapdoor  and  an  ordinary  foundry 
jolter  were  used  for  service  tests.  The  woodfen  platform  was  built 
3  feet  high  and  allowed  a  bag  filled  with  sand  to  be  dropped 
through  its  trapdoor  onto  a  solid  wooden  stand.  The  jolter  con- 
sisted of  a  solid  iron  plate  3  inches  thick  which  could  be  raised 
and  lowered  in  rapid  succession  by  means  of  air  pressure.  This 
machine,  of  cotu-se,  was  constructed  with  the  necessary  intake  and 
outlet  valves,  air  chamber,  and  piston  to  allow  for  the  continuous 
jolting  movement  of  the  plate.  For  the  pxnT)ose  of  developing  a 
laboratory  test  that  would  give  numerically  the  resiliency  of  bag 
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paper  or  the  stxtas  and  strain  that  the  paper  of  a  bag  undergoes 
in  service  and  by  which  the  results  of  the  above  service  tests 
could  be  checked,  the  large  200  kg  tensile-strength  machine  was 
adopted  with  thef oUowing  additional  attachments :  A  brasscylinder 
was  constructed  and  fastened  to  the  upright  standard  in  such  a 
way  that  it  would  revolve.  The  revolution  of  this  cylinder  was 
controlled  by  a  small  wire  over  a  pulley  from  the  weighted  pendu- 
Imn  so  that,  as  the  pendulum  moved  from  its  vertical  position 
due  to  the  increasing  loads,  the  cylinder  revolved  accordingly. 
This  cylinder  held  a  paper  chart,  and  a  glass  recording  pen  was 
used  to  record  both  load  and  stretch.  The  pen  was  controlled 
by  a  small  wire  extending  from  the  lower-jawed  arm  over  a  pulley 
in  such  a  way  that,  as  the  lower  jaw  descended  and  the  paper 
stretched  under  the  load,  the  pen  ascended  and  described  a  curve 
which  registered  stretch.  It  can  thus  be  seen  that  the  revolution 
of  the  cylinder  caused  the  registering  of  load  on  the  chart,  while 
the  ascension  of  the  pen  caused  the  registering  of  stretch.  The 
residt  was  a  curve  on  the  chart  giving  both  the  increasing  load  and 
increasing  stretch  until  the  paper  broke.  In  order  to  read  this 
curve  it  was  necessary  to  draw  up  the  chart  so  that  load  an4  stretch 
could  be  read  at  a  glance.  The  method  used  was  as  follows: 
An  ordinary  blank  piece  of  writing  paper  was  used  for  this  purpose 
and  placed  in  position  on  the  cylinder.  A  point  on  the  paper 
was  chosen  as  the  zero  point  for  load  and  stretch.  Then  the 
zero  line  for  stretch  was  f oimd  by  using  a  piece  of  steel  between 
^he  jaws  and  by  applying  the  various  loads.  Steel  was  used  for 
this  purpose  because  the  chart  was  to  be  drawn  up  for  a  70  kg 
load  as  a  maximtmi,  and  steel  would  not  stretch  at  this  load. 
By  this  method  the  zero  line  for  stretch  was  drawn  with  the  record- 
ing pen  from  the  zero  point,  and  each  kilogram  load  as  indicated 
by  the  scale  was  pointed  off  as  the  load  increased.  At  each  kilo- 
gram point  a  line  was  drawn  parallel  to  the  base  or  zero  line  for 
load.  This  base  line  was  found  by  operating  the  machine  with 
nothing  betwe^a  the  jaws  and  was  drawn  with  the  recording  pen 
from  the  zero  point.  Each  centimeter  that  the  lower  jaw  de- 
scended from  its  ^artir^  position  or  zero  point  represented  stretch 
and  was  pointed  off  accordingly.  At  the  different  centimeter 
points  lines  were  drawn  parallel  to  the  zero  line  for  stretch.  In 
this  way  the  chart  was  plotted  to  give  accurately  the  stretch  at 
different  loads  f 01  any  paper  breaking  imder  a  70  kg  load. 
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3.  SCOPE  OP  THE  TESTS  AlTD  METHODS  EMPLOYED 

The  object  of  these  tests  was,  first,  to  discover  all  the  physical 
and  chemical  properties  of  the  paper  of  the  bags;  second,  to 
check  these  results  with  the  results  of  service  tests  on  the  bags 
themselves;  third,  to  choose  by  the  process  of  elimination  the 
best  bags  of  the  series;  and  fourth,  to  develop  specifications  from 
this  choice  of  best  bags.  For  the  ordinary  physical  and  chemical 
tests  the  methods  employed  have  been  fully  described  in  Circular 
of  the  Bureau  of  Standards  No.  107,  with  the  exception  of  the 
tensile  strength  and  stretch  tests.  For  these  tests,  the  200  kg 
instrument  was  used,  and  test  samples  were  cut  2)4  cm  wide  and 
long  enough  to  allow  20  cm  between  jaws.  In  addition  to  the 
above  tests  a  wet  tensile  test  was  conducted  in  the  same  manner 
as  the  dry  tensile  test  described  in  the  above  Circular,  with  the 
following  exceptions :  The  weight  was  removed  from  the  pendtdum 
of  the  50  kg  tensile-strength  instrument,  the  machine  was  calibrated 
to  find  the  corrections  for  the  scale  readings,  and  the  paper  was 
immersed  for  10  minutes  in  water  before  testing.  In  both  service 
tests  bags  were  filled  with  94  poimds  of  sand  and  then  dropped  or 
jolted  uhtil  they  broke  open.  In  the  jolter  test  the  bags  were 
jolted  I  inch  high  and  170  times  per  minute.  An  average  of  five 
tests  was  taken  in  each  of  these  service  tests  to  determine  the 
strength  of  the  bag.  The  method  used  for  obtaining  the  resiliency 
of  paper  on  the  tensile-strength  machine  with  its  recording  device 
was  the  following:  In  order  to  obtain  curves  or  loops  (as  they 
shoidd  be  called  in  this  case)  to  show  this  resiliency  or  the  endur^ 
ance  of  paper  imder  the  repeated  application  of  load,  a  load  was 
taken  in  each  case  10  per  cent  below  the  breaking  point.  This,  of 
coiu-se,  necessitated  finding  the  tensile  strength  or  breaking  point 
for  each  grade  of  bag  paper  in  both  machine  and  cross  direction. 
In  order  to  do  this  an  average  of  10  tensile-strength  tests  was  ob- 
tained. After  obtaining  in  each  case  the  desired  load  of  10  per 
cent  below  breaking  point,  each  test  sample  was  given  this  load, 
and  then  the  load  was  released  and  the  operation  repeated  imtil  the 
test  sample  broke.  All  test  samples  for  this  work  were  cut  2}4  cm 
wide  and  long  enough  to  allow  20  cm  of  paper  between  jaws. 
Three  test  samples  from  each  grade  of  paper,  cut  in  both  machine 
and  cross  direction,  were  used  in  order  to  obtain  an  aven^,  and 
data  were  collected  accordingly. 
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n.  EXPEIUMENTAL  WORK 

1.  PHYSICAL  Aia>  CHEMICAL  TESTS 

Each  sample  of  bag  paper  was  given  the  ordinary  physical  and 
chemical  tests,  such  as  weight  in  potmds  of  the  standard  size 
ream  25X40—500,  bm-sting  strength  in  points,  tensile  strength 
in  kilograms,  stretch  in  centimeters,  folding  endtu-ance  in  nimiber 
of  double  folds,  fiber  composition  in  per  cent,  per  cent  of  ash, 
and  per  cent  of  rosin  sizing.  From  these  tests  the  ratio  in  per 
cent  of  bursting  strength  to  weight  in  potmds  of  the  standard  size 
ream,  25  x  40—500,  and  the  breaking  length  in  yards  were  obtained 
as  the  best  means  for  comparing  papers  of  the  same  grade.  An 
explanation  and  description  of  this  ratio  and  breaking  length 
may  be  procured  from  Circular  of  the  Bureau  of  Standards  No.  107. 
The  results  of  these  tests  are  compiled  in  Tables  1,2,  and  4.  In 
addition  to  the  above  tests  the  paper  and  bags  were  given  the 
following  special  physical  tests:  The  paper  was  tested  for  tensile 
strength  in  grams  when  it  was  wet,  and  was  tested  also  for  resili- 
ency or  endurance.  The  ntmierical  results  are  shown  in  Tables 
2,  3,  and  4  and  are  presented  graphically  in  Figs,  i  to  54.  The 
bags  were  tested  for  breaking  strength  by  determining  the  ntmiber 
of  times  each  bag  could  be  dropped  before  failure,  as  shown  in  Table 
5,  and  for  strength  of  adhesive  by  determining  the  length  of  time 
each  bag  could  be  jolted  before  failure,  as  shown  in  Table  6.  The 
purposes  of  these  special  tests  were  the  following:  The  wet  tensile- 
strength  test  was  made  in  order  to  indicate  what  the  strength  of 
the  paper  of  the  bags  would  be  when  they  became  wet  in  shipment. 
The  stress-strain  or  resiliency  test  was  made  in  order  to  obtain  a 
series  of  loops  for  each  test  sample,  giving  first  the  stretch  at 
applied  load,  second  the  stretch  when  load  was  released,  third 
the  increase  in  stretch  for  every  time  load  was  applied  over  the 
previous  time,  and  foiuiii  the  ntunber  of  times  the  paper  could 
stand  the  strain  of  this  load  before  it  broke.  The  purpose  of  the 
drop  test  was  to  reproduce  service  conditions,  because  a  bag  is 
often  dropped  while  being  handled.  On  the  other  hand,  the 
jolter  test  not  only  tested  the  strength  of  the  adhesive  used  in 
the  bags  but  also  somewhat  duplicated  the  treatment  that  a  bag 
tmdergoes  while  being  jolted  and  jarred  in  shipment  from  manu- 
facturer to  consumer.  The  following  data  were  collected  accord- 
ingly from  all  the  above  tests,  and  from  these  data  it  was  not 
hard,  by  process  of  elimination,  to  choose  the  five  bag  papers 
which  showed  the  best  bursting  strength,  tensile  strength,  stretch, 


Digitized  by 


Google 


8 


Technologic  Papers  of  the  Bureau  of  Standcftds 


folding  endurance  and  resiliency,  and  which  as  bags  showed  the 
best  breaking  strength  and  possessed  the  strongest  adhesive.  At 
a  glance,  bag  papers  numbered  i4373,  14374.  14378,  i4379»  and 
1 438 1  seem  to  be  the  strongest.  In  comparing  the  following 
results  of  the  resiliency  test  with  those  results  of  the  drop  test,  it 
will  be  noted  that  the  above  papers  proved  strongest  in  both 
cases.  This  proves  that  the  resiliency  test  is  a  very  good  test 
for  showing  what  the  paper  of  a  bag  will  do  in  actual  service,  and 
since  it  is  strictly  a  laboratory  test,  it  is  highly  to  be  recommended. 

2.  TABLES  OF  RESULTS 

TABLE  1.— Results  of  Ordinary  Physical  and  Chemical  Tests  on  Cement  and  Lime 

Bag  Paper 


Bag-paper 

idennficatlon 

numbers 


Weight 

of  the 

standard 

size  ream 

25X40-500 


Bursting 
strength 
in  points 


Ratio  of 
bursting 
strength 
to  weight 

of  the 
standard 
size  ream 
25X40-500 


Percentage  fiber  composition 


Ash 


Rosin 
siziac 


14373, 
14374. 
14375 
14376. 
14377. 

14378. 
14379. 
14380. 

14381. 


150 
119 
143 
127 

lis 

176 
142 
172 

181 


134.0 
100.0 
108.0 
96.0 
78.0 

132.0 
143.0 
159. 0 
155.0 


Percent 

89.3 
84.0 
75.6 
75.6 
67.8 

75.0 
107.0 
92.4 
85.7 


100  Jute  and  manila 

do 

95  iute  and  manila,  5  chemical  wood. 

100  chemical  wood 

100  ittte  and  manila 

50  into  and  manila,  50  chemical  wood. 
75  jute  and  manila,  25  chemical  wood. 

100  chemical  wood 

....do 


Percent 
4.10 
3.60 
4.70 
3.30 
4.60 

2.30 

2.00 

1.27 

.97 


Percent 
3.40 
3.80 
4.90 
3.30 
4.10 

4.40 

3.90 

.97 

1.35 


TABLE  2.— Results  of  Tensile-Strength  Tests  and  Stress-Strain  or  Resiliency  Tests 
on  Cement  and  Lime  Bag  Paper 


Idei^ca. 
floB  num- 
bers 

Weight 
of  the 
stand- 
ard size 
ream 
25X40— 
500 

Load  at 
breaking  point 

Stretch  at 
breaking  point 

Breakfaig 

length 

LoadlOper 

cent  below 

breaking  point 

Number  of 

tfanesloadls 

appUed 

Ma- 
chine 
dfrec- 

tion 

Cross 

direc- 
tion 

Ma- 
chine 
direc- 

tion 

Cross 

direc- 
tion 

Ma- 
chine 
direc- 
tion 

Cross 
direc- 
tion 

Ma- 
chine 
direc- 
tion 

Cross 
direc- 
tUm 

Ma- 
chine 
direc- 
tion 

Cnm 
direc- 
tion 

14373 

14374 

14375 

14376 

14377 

14378 

14379 

14380 

14381 

150 
119 
143 
127 
115 

176 
142 
172 
181 

28.0 
27.0 
26.5 
21.5 

46.5 
37.5 
43.4 
42.3 

16.5 
11.0 
13.0 
8.8 

18.0 
17.5 
16.4 
18.4 

cm 

0.57 
.64 
.49 
.60 
.30 

.54 
.64 
.45 

.50 

cm 
1.57 
1.60 
1.25 
1.43 
.70 

1.34 
1.06 
1.12 
1.14 

Tarda 

7130 
7160 
5770 
6380 
5710 

5100 
8060 
7730 
7160 

Tarda 
3565 
4240 
2350 
3140 
2340 

3120 
3770 
2910 
3110 

3^0 
25.20 
24.30 
33.85 
19.35 

41. 8S 
33.75 
39.06 
38.07 

1^ 
14.85 

9.90 
11.70 

7.92 

16.20 
15.7$ 
14.76 
16.56 

5.66 
21.66 
30.30 
26.00 
11. 00 

49.66 

12.00 

1.00 

59.00 

8.f6 
12.33 

19.33 
8.66 
1L66 

1.66 

9.66 
2.00 

9.66 
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StfVMifitaiio  m 
Paper,  Shopi&f 


o#  8tfW.f»iiin  m  RaaiH<mcif  Xaits  a 
itf  IHiiwtiit  Btsetches 


9 
Lima  BiC 


Uop 

i^ 

'r 

Loop 

iT 

20 

^ 

Loop 

40^ 

Loop 

60 

B«c  Menttflortton  No.  14373: 
StntchwtmBjKSlj^d^ 

......aerrtnt. . 

1.66 
5.66 

.25 

.90 

2.60 
6.28 

.30 
.94 

L18 
3.85 

.27 
.53 

1.75 
5.23 

.31 
.80 

1.16 
2.90 

.23 
.40 

1.68 
5.46 

.26 
.82 

2.31 
4.93 

.38 

.80 

2.10 

3.13 

2.01 
5.77 

.36 
.91 

2.30 

.40 
1.03 

CraMi]iT«ctl«i..  

.....v^v.do?.:: 

6.10 

Stretch  when  loud  to  rttoMed- 
Tiiirlilin  illrnrtlw 

Cmtdlncttai 

do.... 

1.05 

2.65 
7.80 

.47 
1.44 

1.90 

Bef  identWcatlw  Ko.  14374: 
Stretch  at  appUedloMl- 
MachtaSTltmtltn..  . ,   , 

Lx..aarcent 

2.75 

2.95 

3.15 

Cmeilirtctlea... .,. 

::::::r:.sr:: 

..centimetera.. 

6.96 
'i.'27' 

'Vii' 

Tio' 

.38 

.99 

*i*75' 

".'67' 

7.56 

.42 
1.34 

1.56 

Machtoedirecttai 

Cmt4lrtctlm.. 

.51 

.54 

.56 

Bef  idtnttflcitton  No.  14375: 
Stretch  at  eppUedleMl- 

Machine  dlrectlra    

percent.. 

do.... 

2.22 
5.40 

.50 
.92 

2.75 
6.60 

.60 

2.60 

Cioia  direction 

5.60 

MM^hia«<i('4«4W>.. 

...centimetaca.. 
do.... 

::::::?^.S!'.:: 

.36 

.44 

Cma  directioa 

1.00 

Bac  idantfflratfam  No.  14376: 
Stretch  at  applied  load- 

Mirhhi^  direction.. 

2.16 
6.50 

.44 

1.65 
.36 

2.51 

.51 
1.02 

in 

1.90 

Cfoia  dlrectloii. 

Stretch  when  load  to  releaaed— 
Michlne  dtrecthm 

do.... 

percent.. 

do.... 

...centhnetara.. 

Bag  Identtflcatlon  No.  14377: 
Stretch  at  appUed  load— 

Machine  direction 

4.30 

Stretch  whan  load  to  releaaed— 
H frh*Pt  direction  .......... 

Cma  direction 

do.... 

X . . . .  .Bar  centx . 

.75 

Bac  idendflcation  No.  14378: 
Stretch  at  appitod  load- 

Idachlne  directfon. 

Cngg  fllrtctioa. 

.\V.de.... 

...centhnetara.. 

6.38 
'l06* 

.50 
.95 

7.12 

.32 
1.20 

2.55 
5.45 

.58 

LOO 

Stretch  when  load  to  releaaed— 
Machine  direction 

.40 

Cfoiadirectiin 

...••....  .do. ... 
par  cent.. 

Stretch  at  appUed  load- 
Machine  dlr^^iffon.. 

3.10 
6.00 

.70 

Cfoea  direction 

.r^do..;. 

Stretch  when  load  to  releaaed- 
Idachine  direction 



Croaa  direction. ^ 

do.... 

Bac  idantlflcatlon  No.  143S0: 
Stretch  at  appUed  load- 
Machine  direction 

^^-^— ^—     Mt  m  m  ■ala^ 

3.60 

Stretch  when  load  to  releaaed— 
Machine  dtrectton 

...centfan^ra.. 
oo. ... 

a  .     nercent 

.50 

1.53 
3.13 

.32 
.44 

.78 

'i*9o' 

".'56* 

Bag  idwiHlkation  No.  14381 : 
Stretch  at  applied  load- 

1.83 
4.50 

.42 
.66 

2.10 
4.95 

.49 
.72 

2.33 

.......'r.do^:: 

MfK4i*n^  direction 

.54 

Cfwa  direction.. 

■.::!!^^:: 
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Cms 


Mffrt— '    Cms 


Cms 


14373. 
14374. 
14375. 
14376. 
14377. 

14378. 
14379. 
14380. 
14381. 


fa. 

2.36 
1.43 
2.  OS 
1.17 

3.15 

1.31 

.80 

1.26 


f.« 

1.71 

1.29 

1.68 

.92 

1.85 

.71 
.30 
.69 


THdt 
476 
1026 
519 
836 
525 

926 
349 
243 
362 


482 

746 


418 

396 

262 
90 
199 


1000(H- 
1000(H- 
1000(H- 
6220 
10( 


10  ( 
lOOOO-H 
7244 
lOOOCH- 


1000(M- 

10008^ 

1998 

4260 

5  011 

100084- 
100 
10  Q 
10  0 


TABLE  5.— Results  of  Drop  Service  Tests  on  Cement  and  Lime  Beg  Pi^er 


ntontMn 

Pwitfcmalbf  When 
dropped 

Number 
efdrope 
before 
failure 

BUentoffafltsre 

14373 

On  tide  and  team  up.... 
do 

2 
3 

1 
1 
1 

4 

4 
1 

3 

Paper  laUed  at  oeam. 
De* 

14374    

14375 

14376 

14377 

do 

do 

do 

Paper  and  cine  lafled  ataeam. 
Paper  failed  acroaa  edce,  and  fine  failed  at  end. 
Paper  and  tly  tailed  at  aeam,  and  paper  fallad 
acroaa  boHpin  aide* 

Paper  failed  at  aeam. 
Do. 

14378 

do 

14379 

14380 

do 

do 

14381 

<lo 

failed  at  end. 
Olne  failed  at  aeam  and  end. 

TABLE  6.— Results  of  Jolter  Service  Tests  on  Cement  and  Lime  Bag  Paper 


Bac-paper  Identification  numben 

Poamonofbafwhen 
Jolted 

failure 

Extent  Of  falhire 

14373 

On  aide  and  aeam  np.... 
do 

24 
60 

1 

18 
6 

40 

30 

2 

3 

Ohie  faOed  at  end. 

14374 

Nofallttre. 

14375 

do 

Olne  tailed  at  end. 

14376 

do 

De. 

14377 

do 

De. 

14378  

de. 

Do. 

14379 

do. 

Do. 

14380 

de. 

De. 

14381 

do. 

De. 
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3.  DIAGRAMS  ILLUSTRATDfO  RESULTS 


Figs,  z  to  6. — Diagrams  showing  resiliency  or  endurance  of  cement  and  lime  bag  paper 
in  the  machine  and  cross  directions 
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Figs.  7  to  14. — Diagrams  showing  resiliency  or  endurance  of  cement  and  Ume  bag  Pap$r 
in  the  machine  and  cross  directions 
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Flos.  25  to  29. — Diagrams  showing  resiliency  or  endurance  of  cement  and  lime  bag  paper 
in  the  machine  and  cross  directions 
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m.  CONCLUSIONS 

Conclusions  to  be  drawn  from  the  above  results  of  tests,  taking 
into  special  consideration  the  various  tests  on  the  chosen  five  best 
bags,  are  that  a  satisfactory  cement  or  lime  bag  paper  should 
have  a  very  good  blunting  strength  and  a  high  tensile  strength 
and  stretch  in  both  directions.  It  must  also  have  a  high  endurance 
or  resiliency,  which  is  determined  by  the  simple  drop  service  test 
or  by  the  better  stress-strain  laboratory  test.  A  suitable  bag 
paper  must  also  show  a  good  tensile  strength  when  wet  and  must 
have  a  high  folding  endurance.  As  the  above  data  show,  it  is 
not  necessary  to  manufacture  a  bag  out  of  very  heavy  paper  in 
order  to  obtain  a  bag  of  the  very  best  quality.  For  instance,  bag 
paper  numbered  14374  weighs  only  119  pounds  to  the  standard 
size  ream  25X40 — 500,  and  yet  is  one  of  the  five  best  papers 
tested.  The  fiber  composition  of  a  good  bag  paper  should  be  not 
less  than  50  per  cent  strong  manila  and  jute  and  the  remainder 
chemical  wood.  The  ash  should  not  be  over  3  per  cent  and  the 
rosin  sizing  should  be  at  least  3.5  per  cent. 

IV.  SPECIFICATION 

In  writing  up  the  specification  for  cement  and  lime  paper  bags 
it  does  not  seem  wise  to  recommend  any  specific  weight  of  paper, 
since  this  study  shows  that  weight  alone  should  not  be  considered 
in  choosing  the  best-quality  bags.  It  is  for  the  consiuner  to 
decide  what  weight  bag  he  wishes  to  use  and  for  the  manufacturer 
to  decide  what  weight  bag  paper  he  wishes  to  manufacture. 
However,  it  is  thought  that  both  manufacturer  and  constuner 
would  prefer  a  light-weight  paper  for  reasons  of  economy.  For 
these  reasons  weight  is  not  given  in  the  following  specification, 
but  in  all  other  respects  it  is  thought  that  this  specification  will 
meet  all  requirements  and  can  be  adhered  to  by  the  manuf  acurers 
without  any  difficulty,  and  that  bags  made  of  paper  that  conforms 
to  this  specification  will  prove  satisfactory  to  the  cement  and  lime 
manuf  actiwers. 

SPECIFICATIONS  FOR  PAPER  BAGS  FOR  CBMBNT  AND  LUCE 

Bursting  strength:  Not  less  than  100  points. 

Ratio  bursting  strength  to  weight  in  pounds  of  the  standard- 
size  ream,  25  X40 — 500:  Not  less  than  75  per  cent. 

Fiber  composition:  Not  less  than  50  per  cent  manila  and  jute; 
the  remainder  as  chemical  wood. 
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Ash:  Not  over  3  per  cent. 

Rosin:  Not  less  than  3.5  per  cent. 

Tensile  strength  (test  sample  2X  cm  wide  and  20  cm  between 
jaws):  Not  less  than  28  kg  (machine  direction),  16  kg  (cross 
direction). 

Breaking  length:  Not  less  than  7000  yards  (machine  direction), 
3500  yards  (cross  direction) . 

Wet  tensile  strength  (test  sample  15  nmi  wide  and  90  mm  be- 
tween jaws):  Not  less  than  2000  g  (machine  direction),  1300  g 
(cross  direction) . 

Wet  breaking  length:  Not  less  than  800  yards  (machine  direc- 
tion) ,  400  yards  (cross  direction) . 

Folding  endm-ance  (test  sample  15  mm  wide  and  90  mm  be- 
tween jaws) :  Not  less  than  10  000  double  folds  (machine  direc- 
tion), 10  000  double  folds  (cross  direction). 

Resiliency  strength  (test  sample  2K  cni  wide  and  20  cm  be- 
tween jaws) :  Not  less  than  20  times  (machine  direction),  9  times 
(cross  direction) . 

Breaking  strength  of  bags:  Not  less  than  3  times. 

Adhesive  strength:  Not  less  than  30  minutes. 

Washington,  September  20,  1920. 
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SOME  PROPERTIES  OF  WHITE  METAL  BEARING 
ALLOYS  AT  ELEVATED  TEMPERATURES 

By  John  R.  Freeman,  Jr.,  and  R,  W.  Woodward 


ABSTRACT 

An  apparatus  is  described  for  determining  the  yield  point  and  ultimate  strength 
of  white  metal  bearing  alloys  at  temperatm-es  up  to  ioo°  C.  A  new  design  of  heating 
apparatus  is  described  for  determining  the  Brinell  hardness  of  metals  at  temperatures 
up  to  ioo°  C. 

The  results  of  compression  tests  and  Brinell  hardness  tests  at  temperatures  up  to 
ioo°  C  are  given  for  five  typical  white  metal  bearing  alloys,  including  three  tin-base 
alloys,  one  lead-base  alloy,  and  one  intermediate  alloy,  which  show  that  the  tin-base 
alloys  maintain  their  properties  better  at  elevated  temperatures  than  the  lead- 
containing  alloys. 

Results  of  tests  are  given  which  indicate  that  up  to  5  per  cent  of  lead  in  a  high-grade 
babbitt  does  not  affect  the  yield  point  or  ultimate  strength  at  25  or  75°  C. 

The  yield  point  of  tin-base  alloys  is  not  affected  by  heating  for  six  weeks  at  about 
100°  C,  but  the  yield  point  is  lowered  in  the  lead-base  alloy  by  heating  for  two  weeks 
at  about  loo*'  C. 
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I.  INTRODUCTION 

The  mechanical  properties  of  white  metal  bearing  alloys  have 
been  the  subject  of  several  investigations  with  the  particular 
object  of  establishing  the  relations  between  the  properties  obtained 
in  laboratory  tests  and  the  ultimate  test  of  service.  Practically 
all  of  these  tests  reported  in  the  literature  on  white  metal  bearing 
alloys  were  conducted  at  room  temperature,  the  Brinell  hardness 
alone  *  having  been  determined  for  a  few  alloys  under  other  con- 
ditions of  temperature.  While  we  therefore  have  considerable 
knowledge  of  the  mechanical  properties  of  these  alloys  at  ordinary 
temperatm^es,  oiu"  knowledge  of  their  properties  at  elevated 
temperatures  is  very  limited. 

The  importance  of  knowing  the  properties  of  bearing  alloys  at 
elevated  temperatures  is  readily  appreciated  when  one  considers 
that  the  oil  temperature  in  the  crank  case  of  an  automobile  engine 
may  often  reach  60°  C,  and  that  bearing  temperatures  of  100°  C 
and  higher  have  been  measured  in  similar  engines. 

It  is  the  purpose  of  this  paper  to  present  the  design  of  new 
apparatus  and  the  results  of  tests  to  determine  the  mechanical 
properties  in  compression  and  the  Brinell  hardness  of  some 
representative  white  metal  bearing  alloys  at  elevated  tempera- 
tiu"es. 

The  nonferrous  metals  division  of  the  Society  of  Automotive 
Engineers  is  proposing  as  standard  white  metal  bearing  alloys 
the  f  oiu"  compositions  given  in  Table  i . 

TABLE  l.^Specifications  for  White  Metal  Bearing  Alloys  Proposed  by  flie  Sode^ 

of  Atttomotiye  Engineers 


Components 

S.A.B. 

Ho.  10 

S.A.B. 
lfd.U 

S.A.B. 
110.12 

8.A.B. 

110.13 

Tin 

Percent 

90-92 

4-5 

4-5 

<0.3S 

Percent 
86-69 
5-6.  SO 
6-7.50 
<0.35 

Percent 
Remainder 
•2.2s- 3. 75 

9.50-11.50 
24-26 

Percent 

4.50- Sw 50 

CoDDor..  .  .               

<0.S0 

Antimony...' 

9.25-10  75 

L«id 

84-15 

These  four  alloys  and  A.  S.  T.  M.  alloy  No.  2*  were  selected  as  of 
representative  composition  suitable  for  this  investigation.  It  will 
be  noticed  that  A.  S.  T.  M.  alloy  No.  2  (Table  2)  fs  very  shnilar 


1  Jesse  t,.  Jones.  BebbiU  and  babbitted  bearings.  A.  I.  M.  M.  B.  Ttans..  ••.  p.  458:  19x9. 

*  "Tentative  spedficatioos  for  white  metal  bearing  alloys."  Proc.  A.  S.  T.  M.,  It.  pt.  t.  p.  460. 
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to  the  S.  A.  E.  alloy  No.  1 1 .  The  properties  of  these  two  alloys  are 
compared  here,  as  the  A.  S.  T.  M.  alloy  was  considered  by  the 
S.  A.  E.  committee  as  a  little  hard. 

The  results  of  chemical  analyses'  of  the  five  alloys  studied  are 
given  in  Table  2. 

TABLE  2.— Percentage  Con^osition  of  Alloys  Studied 


Beaiinc 
iimUIIIo.1: 

S.  A.E. 

No.  10; 

A.S.T.M. 

Ho.  1 


Bosxtnc 

metal  No.  2: 

A.S.T.M. 

No.  2 


Bosxtnc 

metal  No.  3: 

8.  A.  B. 

NO.U 


Beeiinc 

metal  No.  4: 

8.  A.  B. 

No.  12 


Bearing 
metal  No.  5; 

8.  A.  B. 

No.  13; 

A.8.T.M. 

No.  9 


Copper. 

Tin.. 
Lead. 
Iron. 


Pw  cent 

4.56 

4.52 

Remainder 

None 

<0.05 


\ 


.Percent 

d.5t 

\/  7.57 

RoiJAalnder 

None 

<0.0J5 


/ 


Pw  cent 
5.65 
6.90 
Remainder 

0.09 
<  .05 


Per  cent 

2.90 

10.50 

Remainder 

25.05 

<.05. 


Pw  cent 


10.03 

Remainder 

64.95 

<.0S 


n.  PREPARATION  OF  ALLOYS 
1.  METALS  USED 

Pure  Banka  tin  and  the  best  grade  of  "Star"  antimony  were 
used.  Neither  these  metals  nor  the  copper  were  analyzed,  as 
the  freedom  of  the  alloys  from  impurities  is  proof  of  the  purity  of 
the  metals  used. 

Analysis  of  the  commercially  pure  lead  used  showed  the  fol- 
lowing: Lead,  99.94  per  cent;  copper,  0.03  per  cent;  antimony, 
<o.03  per  cent. 

2.  ALLOYING  PROCEDURE 

Alloys  Nos.  I,  2,  3,  and  4  were  prepared  by  first  melting  the 
tin  in  a  plumbago  crucible  in  a  gas  furnace  and  then  adding  the 
requisite  amounts  of  a  50  per  cent  Sn.-5o  per  cent  Cu  hardener 
and  metallic  antimony.  After  addition  0^4 the  alloying  elements 
the  temperature  of  the  bath  was  carried  up  to  the  melting  point 
of  antimony  and  stirred  to  insure  a  homogeneous  alloy.  The 
temperature  of  the  melt  was  then  allowed  to  drop  to  about  500°  C 
with  continual  stirring  of  the  metal,^  which  was  then  poured  into 
a  cast-iron  mold.  The  surface  of  the  bath  was  always  kept  covered 
with  charcoal  to  prev^t  excessive  oxidation.  The  temperature 
was  measured  by  means  of  a  specially  calibrated  chromd-alumd 
thermocouple  connected  to  a  portable  potentiometer. 

*  J.  A.  Scfaerrer,  of  the  Bureau  of  Standards,  madie  all  chemical  analyses  reported  in  this  paper. 
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The  lead-base  alloy  No.  5  was  similarly  prepared,  but  in  this 
case  the  lead  was  first  melted  and  then  the  metallic  tin  and 
antimony  were  added. 

The  alloys  were  made  up  to  meet  the  mean  composition  of  the 
specifications,  and  the  resultant  compositions  given  indicate  how 
close  a  desired  composition  may  be  obtained  with  the  careful 
laboratory  methods  used. 

m.  PREPARATION  OF  TEST  SPECIBfENS 

The  compression  test  specimens  used  were  small  cylinders  lyi 
inches  long  by  about  >J  "ich  diameter  (1.5  by  0.514  inch),  this 
ratio  of  lengtii  to  diameter  being  within  the  limits  recommended 
by  the  A.  S.  T.  M.,  and  the  cross  section  for  these  experiments 
being  easily  tested  in  a  10  coo-pound  testing  machine.  These 
specimens  were  turned  in  a  lathe,  with  a  hollow  mill,  from  cast- 
ings 2  inches  long  by  }i  inch  diameter  which  were  made  by 
pouring  the  metal  from  the  desired  temperature  into  a  split 
steel  mold  of  the  above  dimensions. 

The  samples  for  Brinell  testing  were  similar  to  those  used  by 
Lynch,*  the  metal  being  poured  into  an  open  steel  mold  2  inches 
in  diameter  by  f^  inch  deep,  but  in  this  case  the  mold  was  not 
previously  heated  before  pouring,  always  being  at  room  tempera- 
ture when  the  metal  was  first  poured.  Before  making  the  impres- 
sions, the  faces  of  the  casting  were  turned  off  and  the  test  then 
made  on  the  bottom  face.  Three  impressions  were  made  on  each 
casting  at  equidistant  points  on  a  circle  one-half  the  radial  distance 
from  the  center.  The  average  of  these  three  readings  was  taken 
as  the  Brinell  hardness  under  the  given  conditions. 

IV.  APPARATUS  USED  FOR  TESTING 
1.  COMPRESSION  TESTS 

The  cylinders  were  compressed  in  a  standard  Reihle  10  coo- 
pound  testing  machine. 

The  deformation  per  unit  load  was  measured  by  a  specially 
designed  compressometer.  A  copy  of  a  photograph  of  this 
instrument  mounted  on  a  specimen  is  shown  in  Fig.  i.  The 
frame  and  uprights  are  made  of  aluminum.  They  are  held  to 
the  specimen  by  three  small  steel  screws,  having  conical  points, 
set  radially  in  the  same  plane,  and  spaced  equidistantly  aroimd 

*  T.  D.  Lynch*  "Study  of  bearing  metals  and  methods  of  tadng,"  A.  S.  T.  H..  It,  p.  699;  19x3. 
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Fig.   I .—Compressometer  mounted  on  specimen 
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Fio.  a. — Assembly  drawing  of  a  section  of  heating  bath,  showing  original  dimensions 
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the  specimen,  as  may  be  seen  in  the  photograph.  The  small 
U-shaped  block  is  a  gage  used  for  spacing  the  frames  at  the  proper 
distance  on  the  specimen.  The  gage  length  or  the  distance  be- 
tween the  planes  of  the  screws  is  i  inch. 

The  **  Last  Word  "  dials  used  read  to  approximately  thousandths 
of  an  inch  (one  division  on  dial =0.00087  i^i-)  >  and  ten  thousandths 
are  readily  estimated. 

The  assembly  and  important  dimensions  of  the  bath  used  for 
heating  the  specimen  during  tests  are  shown  in  Fig.  2,  which  is 

a  section  through  the  center. 
The  specimen  A  is  compressed 
between  the  steel  posts  B  B. 
During  test  the  specimen  with 
compressometer  attached  is 
immersed  in  a  heated  liquid 
(glycerin  was  found  very  satis- 
factory) held  in  the  container 
C.  Z?  is  a  Silphon  diaphragm. 
This  collapses  like  an  accordion, 
permitting  the  top  of  the  con- 
6"  tainer  C  to  drop  below  the 
line  level  of  the  base  of  the  speci- 
men. This  is  a  particularly 
convenient  method  for  lower- 

ViG,  ^.-Apparatus for  BHnell  hard-  .  .       .     ^   .         j^ 

ness  testing  at  elevated  temperatures  ^S   ^^^   Oaxn  TO  piaCC   a   SpeC 

imen  in  position  for  testing, 
especially  as  it  eliminates  the  need  for  any  packed  joints.  A  pho- 
tograph of  the  entire  apparatus  with  a  specimen  in  position  for 
testing  is  shown  in  Fig.  4. 

The  bath  is  heated  with  a  small  size  Hot-Point  electric  heater 
immersed  in  the  glycerin.  The  glycerin  was  forced  in  a  continuous 
stream  over  the  heater  by  a  small  electric  motor-driven  propeller. 
This  continuous  stirring  of  the  glycerin  and  the  ready  control  of 
the  heating  current  with  a  variable  resistance  provided  excellent 
control  of  the  temperature  of  the  specimen  during  the  test.  In 
all  cases  the  temperatiu-e  of  the  bath  and  consequently  the  speci- 
men did  not  vary  by  more  than  2°  C  during  a  test. 

2.  BRUfELL  HARDNESS  TESTS 

The  Brinell  hardness  tests  were  made  with  a  standard  Brinell 
machine  using  a  500  kg  load  on  a  10  mm  ball  applied  for  30  sec- 
onds. For  the  elevated  temperature  tests  the  apparatus  shown 
in  Fig.  3  was  used.     It  is  simply  a  suitable  container  for  the  heat- 
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Fig.  4. — Specimen  with  compressometer  and  heating  bath  assembled  in  testing  machine 
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ing  liquid  (glycerin  was  used)  with  a  base  made  to  fit  on  the 
spherical  seat  of  the  Brinell  machine  and  a  post  on  the  inside  to 
support  the  specimen  away  from  the  bottom  and  permit  good 
circulation  of  the  liquid  aroimd  it.  The  bath  was  stirred  with  a 
small  motor-driven  propeller  and  was  heated  by  a  small  resistor 
placed  on  the  bottom  of  the  container.  During  test  the  entire 
specimen  was  submerged,  the  Brinell  ball  also  being  completely 
immersed.  Sufficient  time  was  always  allowed  for  the  specimen 
to  reach  the  temperature  of  the  bath,  this  having  been  previously 
determined  by  inserting  a  thermocouple  in  a  specimen  and  noting 
the  time  elapsed  between  the  placing  of  the  specimen  in  the  bath 
and  when  the  center  reached  the  temperature  of  the  bath. 

V.  PRELIMINARY  TESTS 

It  is  well  known  that  the  pouring  temperature  of  a  bearing  metal, 
all  other  conditions  being  constant,  has  a  marked  influence  on  the 
mechanical  properties.  In  view  of  this  fact,  preliminary  to  any 
test  at  elevated  temperatures,  the  effect  of  poiuing  temperatiu-e 
on  the  compressive  strength  at  room  temperature  was  determined 
for  alloys  Nos.  i,  3,  4,  and  5.  The  results  obtained  from  com- 
pression tests  are  given  in  Table  3. 

TABLE  3.— Effect  of  Pouring  Temperatures  on  Yield  Point  and  Ultiniate  Strength  in 
Compression  of  Various  Alloys 


Alloy  No. 

Potxrliic 

Yield  point 

Xntlmate 
strength 

1 

•c 

400 
446 
495 
390 
445 
500 
300 
350 
400 
300 
356 
404 

Lbfc/faL' 
3750 
4000 
3500 
3500 
4250 
4000 
5000 
4250 
4750 
3250 
3750 
3250 

Lbs./ln.> 
12  940 

3 

12  855 

13  500 
15  830 

4 

16435 
15  830 
14  015 
13685 
13  635 
13  840 

5 

15  020 
15  245 

In  results  reported  in  this  paper  the  yield  point  was  adopted 
arbitrarily  as  at  >^  of  i  per  cent  reduction  of  the  gage  length. 
The  ultimate  strength  was  arbitrarily  chosen  as  the  unit  load 
necessary  to  produce  a  deformation  of  25  per  cent  of  the  original 
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length  of  the  test  specimen.    The  reasons  for  selecting  these 
values  will  be  discussed  later. 

From  a  comparison  of  the  results  of  Table  3  and  the  pouring 
temperatures  suggested  in  the  tentative  specifications  of  the 
A.  S.  T.  M.*  the  following  temperatures  were  used  in  casting  test 
specimens  for  all  further  tests. 

Pouring 
temperature, 

•c 
No.  1 440 

No.  2 440 

No.  3 440 

No.  4 345 

No.  5 325 

VI.  ELEVATED-TEMPERATURE  COMPRESSION  TESTS 

Stress  deformation  curves  were  taken  on  all  five  alloys  at  room 
temperature  (20-30°  C),  50,  75,  and  100°  C.  At  least  two  speci- 
mens were  tested  imder  each  condition  to  provide  a  check. 

Representative  stress-strain  curves  at  the  four  temperatures  of 
each  alloy  except  No.  2  are  given  in  Fig.  5.  These  show  the  type 
of  stress-deformation  curve  obtained  with  the  apparatus  described 
in  this  paper  and  also  show  \ery  clearly  the  marked  change  in  the 
compressive  strength  of  the  alloys  with  increasing  temperatiu-es. 

On  the  plot  a  "dial  imit'*  is  equivalent  to  0.00087  inch  and  is 
the  algebraic  mean  of  the  total  deformation  shown  by  the  indi- 
vidual dials  for  any  given  load. 

A  study  of  the  cmves  shows  that  it  is  practically  impossible 
to  pick  out  a  limit  of  proportionality  as  ordinarily  determined  by 
noting  the  departure  of  the  stress-deformation  curve  from  a 
straight  line,  and,  further,  we  know  that  the  finer  the  measure- 
ment the  lower  will  be  this  point.  An  arbitrary  yield  point  was 
therefore  determined  upon.  After  comparing  the  yield  points 
indicated  by  several  values  of  percentage  reduction  of  gage  length 
the  value  of  }4oi  i  per  cent  of  the  gage  length  (0.00125  inch)  was 
adopted  for  purposes  of  compaiison,  as  it  generally  seems  to 
coincide  with  the  first  marked  yielding  of  the  specimens  tested. 
This  value  o.ooi  25  inch)  is  practically  equivalent  to  i  .5  division  on 
the  dial  or  **dial  imits*'  used  on  plot  (Fig.  5). 

When  soft  metals  of  this  type  and  size  of  test  specimens  are 
compressed  they  do  not  eventually  shear  but  continue  to  flatten 

^  See  footnote  ». 
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out  with  increasing  loads,  so  it  is  necessary  to  adopt  some  arbi- 
trary values  for  ultimate  strength  which  will  at  least  be  comparable 
among  themselves.  A  reduction-  of  25  per  cent  of  length  was 
chosen  in  this  investigation  as  at  this  value  in  all  cases  the  load 
had  become  nearly  constant  for  increasing  deformation.  In  the 
case  of  high  lead  alloys  the  load  generally  reached  a  maximum 
value  and  then  fell  ofif  before  the  25  per  cent  reduction  was  reached. 
In  these  cases  the  maximtun  load  was  recorded.  The  values  of 
yield  point  and  ultimate  strength  thus  obtained  are  given  in 
Table  4. 

TABLE  4.— Yield  Point  and  Ultimate  Strength  in  Compression  at  Elevated  Tem- 
peratures 


AUoy 
No. 


Property 


Values  in  pounds  per  square  inch  at— 


25- C         50»C         75*  C        IW  C 


Yield  point 

intiniatestrengtli 

Yield  point 

Ultimate  strengtli 

Yield  point 

Ultimate  strength 

Yield  point 

Ultimate  strength 

Yield  point 

Ultimate  strength 


4400 
128S0 

6250 
1517S 

5750 
16425 

4  700 
13^ 

3  750 
15  020 


3800 
10400 

4850 
11850 

6000 
12175 

3650 
10  035 

2650 
11275 


3150 
8450 
4000 
9400 
4250 
10100 
2900 
7845 
2250 
7920 


2650 
6950 
2850 
6825 
3350 
7725 
2150 
6045 
1550 
4770 


VII.  ELEVATED  TEMPERATURE  BRINELL  TESTS 

The  Brinell  hardness  of  alloys  Nos.  i,  3,  4,  and  5  was  deter- 
mined at  room  temperature,  50,  75,  and  100*^  C.  The  values 
obtained  are  given  in  Table  5. 

TABLE  5.— Brinell  Hardness  at  Elevated  Temperatures 


Alloy  No. 

25*  C 

50^C 

75^C 

100*  C 

1  

a  17.2  (28.6) 
22.3 
22.4 

19.7(19.5) 
22.3(28.3) 

13.8 
18.2 
15.8 
16.8 

11.1 
14.8 
11.3 
11.4 

a  2  (12.8) 

3                       

11.8 

4.         

T.5 

5 

8.2(8.6) 

2                                         .             

o  A.  S.  T.  M.  specifications  (see  footnote  a)  give  the  values  shown  in  parentheecfl. 
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Vm.  DISCUSSION  OF  RESULTS 
1.  COMKEUSSSION  TESTS 

For  greater  convenience  of  comparison  the  yield  points  of  the 
four  alloys  are  plotted  against  temperature  in  Fig.  66. 

As  one  would  expect  from  the  composition,  the  jrield  point  of 
alloy  No.  3  is  considerably  higher  at  all  temperatures  than  the 
other  alloys.    The  yield  point  of  No.  3,  however,  falls  off  more 


/oa    V 


sooo 


4000 


3COO 


tooo 


Fig.  6  a  and  h. — Curves  showing  effect  of  temperature  oh  yield  points  and  ultimate  strength 
of  alloys  Nos.  i,  j,  4,  and  5 

rapidly  than  No.  i  with  increasing  temperatures.  The  points  in 
both  these  cases  appear  to  lie  on  a  straight  line.  This  is  not  the 
case  with  alloys  Nos.  4  and  5,  which  contain  lead.  For  both  of 
these  alloys  the  jdeld  point  seems  to  drop  off  more  rapidly  at  first, 
between  25  and  50°  C.  It  is  significant  to  note  that  while  the 
yield  point  of  alloy  No.  4  is  higher  than  No.  i  at  room  temperature, 
it  is  lower  at  50°  C  and  decreases  at  a  more  rapid  rate  between 
25  and  100®  C  than  does  No.  i ,  and  that  the  yield  point  of  tin-base 
alloys  is  higher  at  all  temperatures  above  50®  C. 
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The  yield  point  of  alloy  No.  2,  curves  of  which  are  not  given, 
is  slightly  higher  at  room  temperature  than  that  of  No.  3,  but  at 
50®  C  its  yield  point  is  slightly  less  than  No.  3,  and  so,  if  the  bearing 
heats  to  50°  C  or  over,  any  advantage  gained  by  using  No.  2  alloy 
in  a  bearing  is  lost  in  so  far  as  the  yield  point  is  concerned. 

There  are  given  in  Fig.  6a  curves  showing  the  variation  of 
the  ultimate  strength  with  the  temperature.     Here,  as  with  the 

yield  point,  alloy  No.  3 
has  the  maximum  value 
throughout  the  tempera- 
ture range,  and  alloys 
Nos.  I  and  3  maintain 
their  strength  better,  hav- 
ing a  higher  ultimate 
strength  at  temperatures 
above  60®  C  than  either 
alloys  Nos.  4  or  5,  which 
contain  lead,  even  though 
the  ultimate  strength  of 
No.  I  at  room  tempera- 
ture is  less  than  that  of 
^^  ff^  75-  /arc    Nos.   4  or  5.     The  ulti- 

FlG.  y.— Curves  showing  relation  of  Brinell  hardness  mate     Strengths     of      the 
totemperaiureforalloysNos.l.3^4^and5  ^^^     ^lloyS     at     lOO^     C 

Stand  in  the  same  relation  to  each  other  as  their  respective 
yield  points. 

2.  BRINELL  HARDNESS  TESTS 

It  is  noted  that  the  Brinell  hardness  values  obtained  for  the 
tin-base  alloys  are  considerably  lower  than  those  usually  given. 
This  difference  may  be  due  to  the  small  percentage  of  impurities 
in  the  alloys  used  in  this  investigation  as  compared  with  similar 
alloys  as  ordinarily  prepared. 

Curves  showing  the  variation  of  the  Brinell  hardness  with  tem- 
perature are  given  in  Fig.  7.  Here,  again,  alloy  No.  3  has  a  maxi- 
mum value  throughout  the  temperature  range.  There  is  no 
evident  relation  between  the  relative  magnitude  of  either  the 
ultimate  strength  or  yield  point  and  the  Brinell  hardness. 

The  hardness  of  alloys  Nos.  4  and  5,  however,  drops  off  very 
rapidly  with  increasing  temperatiure,  while  Nos.  i  and  3  maintain 
their  hardness,  both  having  a  greater  hardness  at  100®  C  than 
No.  4,  and  No.  i  having  the  same  value  as  No.  5  at  this  temperature. 
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Oftentimes  a  babbitted  bearing  which  has  given  good  service 
will  foi  no  apparent  reason  gradually  become  soft  and  **  wipe  out." 
As  a  working  hypothesis  it  was  thought  that  this  failure  with  age 
might  be  due  to  softening  from  prolonged  heating  causing  an 
annealing  action.  In  order  to  determine  the  validity  of  this 
tentative  hypothesis,  compression  specimens  of  alloys  Nos.  1,3, 
4,  and  5  were  heated  in  an  oil  bath  for  from  one  to  six  weeks  at 
temperatures  between  90  and  100®  C.  They  were  then  tested  at 
room  temperature  with  the  results  given  in  the  following  table: 

TABLE  6.^Effect  of  Prolonged  Heating  on  the  Yield  Point  in  Compression 


Yield  points  of  the  various  alloys 

Days  hMting  at  100*  C 

Alloy 

ssn 

Alloy 
No.  4 

No.  5 

0 

Lbs./iii.s 
4550 
4500 
4600 
5025 
4900 

Lbs./in.s 

5750 
5500 
5800 
5650 
5950 

Lbs./lii.s 
4650 

Lbs./lii.> 

3750 

7 

3450 

14 

4250 
4750 
4S50 

3200 

28 

0  2800 

42 

3150 

o  One  specimen  only.    All  other  values  are  the  average  of  two  specimens. 

A  Study  of  the  above  table  indicates  that  for  alloys  Nos.  i ,  3, 
and  4,  heating  at  100°  C  for  42  days  has  no  appreciable  effect  on 
the  value  of  the  yield  point  when  the  specimens  are  cast  in  the 
manner  indicated.  For  alloy  No.  5,  however,  there  is  a  very 
evident  decrease  in  the  value  of  its  yield  point  with  the  prolonged 
heating  which,  however,  evidently  takes  place  in  the  first  two 
weeks  of  the  heating. 

X.  EFFECT  OF  SMALL  PERCENTAGES  OF  LEAD 

The  specifications  for  high-grade,  tin-base  alloys  such  as  Nos. 
1,2,  and  3  call  for  a  low  lead  content  generally  not  to  exceed  0.35 
per  cent. 

Many  believe,  and  one  investigator  •  has  presented  experimental 
evidence,  that  percentages  of  lead  even  up  to  5  per  cent  are  not 
harmful  but  possibly  beneficial.  The  authors  have  therefore 
investigated  the  effect  of  small  percentages  of  lead  on  the  yield 
point  and  ultimate  strength  of  No.  2  alloy  at  room  temperature 
and  at  75°  C. 

*  Jesse  L.  Jones;  see  fbotnoCe  z. 
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The  alloys  were  prepared  by  adding  metallic  lead  to  the  No.  2 
babbitt  in  amounts  shown  by  the  chemical  analysis  given,  together 
with  the  yield  points,  in  Table  7. 

TABLE  7.— Effect  of  Letd  on  Compressive  Strength 


Percentage  of  lead 

Yield  point  et- 

ITltlnuite  itrenflli 
•t— 

25^C 

75^C 

25*  C 

75»C 

0.00 

Lbe./in.> 
6150 
5850 
5750 
6300 
6000 
5850 

Lbe./tai.> 
4000 
3700 
3300 

Lte./in.> 
15175 
15  640 
14  025 

Lbe./in.s 
9395 

0.26 

10010 

0.51 

9765 

1.01 

1.25 

4100 
3850 

16  380 
15  330 

10600 

5.04 

9  725 

The  addition  of  amotmts  up  to  5  per  cent  of  lead  to  this  babbitt 
seems  to  have  no  very  appreciable  efifect  on  its  mechanical  proper- 
ties in  compression  at  room  temperatm-e  or  at  75°  C  imder  the 
conditions  of  test  used.  The  authors  think,  however,  that  these 
tests  should  not  lead  to  an  increase  in  the  lead  content  tolerance 
in  tin-base  bearing  metal  specifications  imtil  much  more  work  is 
done  along  this  line  and  particularly  to  determine  the  possible 
effect  of  small  percentages  of  lead  on  the  resistance  to  repeated 

impact. 

XI.  SUMMARY  AND  CONCLUSIONS 

An  apparatus  is  described  for  determining  the  yield  point  and 
ultimate  strength  of  white  metal  bearing  alloys  at  temperatures 
up  to  100°  C.  A  new  design  of  heating  apparatus  is  described  for 
determining  the  Brinell  hardness  of  metals  at  temperatures  up  to 
100°  C. 

The  results  of  compression  tests  and  Brinell  hardness  tests  at 
temperatures  up  to  100°  C  are  given  for  five  typical  white  metal 
bearing  alloys,  including  three  tin-base  alloj^s,  one  lead-base 
alloy,  and  one  intermediate  alloy,  which  show  that  the  tin-base 
alloys  maintain  their  properties  better  at  elevated  temperatures 
than  the  lead-containing  alloys. 

Results  of  tests  are  given  which  indicate  that  the  addition  of 
amoimts  up  to  5  per  cent  of  lead  in  a  high-grade  babbitt  does  not 
affect  the  yield  point  or  ultimate  strength  at  25  or  75*^  C. 

The  yield  point  of  tin-base  alloys  is  not  affected  by  heating  for 
six  weeks  at  about  100®  C,  but  the  yield  point  is  lowered  in  the 
lead-base  alloy  by  heating  for  two  weeks  at  about  100®  C. 

Washington,  November  6,  1920. 
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A  METHOD  FOR  DIFFERENTIATING  AND  ESTIMATING 
UNBLEACHED  SULPHITE  AND  SULPHATE  PULPS  IN 
PAPER 

By  R.  E.  Lofton  and  M.  F.  Merrilt 


ABSTRACT 

tht  pdxpose  of  fhiipaper  is  to  fill  a  need  felt  especially  by  paper  chemists  and  sna- 
lysto  for  a  rapid  and  reliable  method  of  distinguishing  between  and  of  making  an  ap- 
proximately correct  quantitative  determination  oi  mixtures  of  unbleached  sulphite 
and  sulphate  pulps.  This  paper  gives  briefly  the  basic  differences  in  the  manufacture 
of  the  two  pulps,  and  contains  a  concise  review  of  the  methods  that  have  been  recom- 
mended from  time  to  time  for  distinguishing  between  unbleached  sulphite  and  sul- 
phate pulps.  It  gives  the  procedure  followed  in  developing  a  new  and  comparatively 
rapid  method  for  distinguishing  between  these  pulps,  and  also  gives  some  of  the  more 
important  experiments  carried  out  with  various  stains  during  this  investigation.  The 
method  of  preparing  the  new  stain  and  the  method  of  procedure  for  differentiating  be« 
tween  unbleadied  sulphite  and  sulphate  fibers  is  described  in  detail,  and  tables  show- 
ing theresultsof  quantitative  microscopical  analysis  of  mizturesof  these  fibers  stained 
by  the  new  method  aie  given. 
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I.  INTRODUCTIOW 

The  purpose  of  this  publication  is  to  give  a  review  of  the  various 
methods  proposed  for  distinguishing  between  unbleached  sulphite 
and  sulphate  fibers,  and  especially  to  describe  the  development 
and  application  of  a  new  method  for  accomplishing  this  result. 
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That  there  is  and  has  existed  for  some  time  a  demand  for  a  quick 
and  certain  method  for  differentiating  between  these  two  pulps  is 
indicated  by  the  various  attempts  that  have  been  made  from  time 
to  time  to  develop  such  a  method.  To  be  satisfactory,  any  method 
prepo^  must  be  practical  as  'wdl  as  certain^-^that  id,  it  Hiust  ]k>t 
requite  any  iexpedsiv^  ^ppairatus,  or  special  esqkrkiioe,  or  tedioiis 
and  lengthy  manipulation — ^but  it  must  be  such  as  may  he  calxftd 
out  in  a  few  minutes  time  by  any  one  ofdinarily  familiar  with  the 
microscopical  examination  of  paper-making  fibers. 

Such  a  method  would  be  of  service  to  pulp  manufacturers  and 
jobbers,  to  manufacturers  of  sidpfake  and  sulphate  papers,  and  to 
the  retailers  and  consumers  of  sulphite  and  sulphate  papers  in  aid- 
ing them  to  determine  whether  they  Bte  getting  what  they  desire. 
It  is  useless  for  a  jobber  or  a  congimier  tospecifiqally  oMer  an  all 
or  part  sulphate  wtai^mig. paper  imless  there  is  som^  means  of  de« 
tdrmining  Whether  the  artide  ordered  is  bemg  fumislied. 

The  author^  acknowfedge  the  assistance  of  M.  B.  Shaiir,  who 
made  a  large  nun^ber  ol  fiber  e^timaticms,  the  results  of  which  ap- 
pear ifi  Tables  3,  4,  and  5,  and  who  gave  aattstanoe  as  toim^iiadb 
of  preparing  the  stains. 

II.  THEORETICAL  CONSIDERATIONS  INVOl/VBD 
1.  FUNDAMENTAL  DlFFBRBNggS  BBi;WBBN  THE  TWO  PULPS 

The  difficulties  to  be  overcome  in  developing  a  method  ior.  dif- 
tiinguishing  between  unbleached  sulphite  and  stdphate  pulps  am 
dne  to  the  similarity  of  the  pulps.  Both  are  made,  tor  the  most 
part,  from  the  same  raw  materia],  with  but  two<)r  thriee  e;xceptions. 
Spruce,  hemlock,  balsam  fir,  yellow  pbe^  tS0iaiMk,.aj»d  white  fif 
are  used  in  making  both  pulps.  In  addition  <td  these  w^oods,  jack 
pine  and  cypress  are  often  used  in  the  sulphstte  proee^,.  Yellow 
pme  is  more  generally  used  in  the  sulphate  tlian  in  i^liej  suj|p^te; 
process,  because  the  former  process  is  bettef.adapted  to- woods  rich 
iA  rosin  and  oil.  The  woodd  genefaUy  used  M*  fbrdj^'toimtries 
are  of  the  same  kinds  as  those  tised  in  the  XTnited^tates  and  (^ada 
except  that  black  spruce  is  frequentiy  used  in  ^inlmd,  {jTonfRLyj^ 
and  Sweden.  .,  .,    , 

Since  the  raw  materisU  ifom  ^vhich  these  pulps  are  made  is  in 
general  the  same,  the  only  distinjgutsliable  dSfi&taSa^  betwseeOL  the 
pulps  are  to  be foundiit the  two:different digedti&g pfiooessesemr 
ployed  .ill  their  nkamoSaotutei  :    /       -;  -  .   •     ' 

Stdpfaite  pulp  is  made  by  oo6king:wood  chtpd*  in  •a  ^solution  of 
bisulphite  of  calcium,  or  of  calcimn  and  magnesium.    This  solution 
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has  an  acid  reaction.  The  chips  are  cooked  under  a  steam  pressure 
of  from  60  to  80  pounds  for  fix>m  8  to  20  hours.  The  process  was 
invented  by  B.  C.  Tilghman,  of  Philadelphia,  who  took  out  the 
first  United  States  patent  in  1867. 

Suli^te  pulp,  frequently  called  "Kraft"  (a  German  word 
meaning  "strength")*  is  made  by  cooking  wood  chips  in  a  solu- 
tion the  chief  ingredient  of  which  is  sodium  sidphide.  The  sodium 
"stilphate"  added  from  time  to  time  is  reduced  to  "sulphide" 
dtiring  the  preparation  of  the  cooking  liquor.  The  reaction  of 
this  solution  is  alkaline.  In  this  process  the  chips  are  cooked 
under  a  steam  pressure  of  about  100  pounds  for  frcnn  2  to  7  hour^. 
This  process  was  invented  by  Carl  P.  Dahl,  of  Danzig,  Germany, 
about  1883,  and  was  introduced  into  America  in  1907,  when  the 
Brpmpton  Pulp  and  Paper  Co.  set  tq>  a  sulphate  mill  in  Canada. 

Unbleached  sulphite  pulp  is  used  in  the  manufacture  of  wrapping 
paper  ajv^  bag  stodc,  of  many  so<alled  Kraft  and  manila  papers, 
of  twines  used  in  tying  buncUes  and  in  making  paper  rugs,  onion 
and  potato  sacks,  and  in  any  pulp  or  paper  product  where  streiigth 
is  the  chief  consideration.  Sulphate  pulp  has  a  considerably 
darker  coior  than  sulphite,  for  which  reason  the  latter  is  irfteb 
colored  in  the  process  of  beixtg  made  into  paper  to  resendt>le  sulphate 
pulp.  In  general,  sulphate  pulp  may  be  used  wherever  it  is  per- 
missible to  use  unbleached  sulphite.  In  cases  where  the  greatestt 
possiUe  strength  is  required,  sulphate  is  used  instead  of  sulphite, 
^ce  it  is  Qomewb^t  stronger.  The  cost  of  sulphate,  due  to  a 
more  expensive  process  of  mamilacture,  is  somewhat  more  than 
that  of  sulphite  pulp. 

2.  POtelBLB  BASBS  OF  DIFFSRENTIATION 

Conunentinf  on  the  problem,  C.  W.  Schwalbe  stated  *  in  1914 
that  there  wais  no  simple  method  known  at  that  time  for  distin- 
guishing between  unbleached  sulphite  and  sulphate  pulps;  also, 
that  it  is  difficult  to  devebp  such  a  method  because  t;he  pulps  axe 
so  closely  related.  Schwafi)e  recognized,  too,  as  do  others  who 
haye  fuid»  f^tstit^  of  tfaeituf^pt^,.  tliat  tiien^  iu^  twodiflerences 
between  them  which  may  be  used  as  a  basis  on  which  to  devdop 
reactions  which  will  (fifferentiate  them,  namely,  (i)  the  difference 
in  the  amounts  of  incrusting  or  Hgneous  material,  and  (2)  the  dif- 
ferent chemical  changes  which  have  been  brought  about  by  the 
different  digesting  processes. 

>  Testing  Methods  lor  Sulphite  and  Sulpbite  Crllnlniir  In  Puper.  Pulp  mad  Piper  Megifine,  p.  as;  Jas. 
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3.  DIFFERENT  AFFINITIES  OF  PULPS  FOR  DXBSt 

It  is  pretty  generally  known  by  persons  who  have  made  any 
analytic  study  at  all  of  paper-making  pulps  that  those  pulps  differ- 
ing in  the  degree  of  cooking,  or  of  bleaching,  or  both,  usually  have 
quite  different  aflBnities  for  various  dyes  and  stains.  The  dye 
most  generally  used  to  show  the  properties  of  different  pulps  in 
this  respect  is  malachite  green,  a  basic  aniline  or  coal-tar  dye 
which  has  a  great  afl&nity  for  highly  lignified  fibers  and  very  little 
or  no  aflSnity  for  pulps  and  fibers  freed  from  incrusting  matter. 
The  result  of  this  property  is  that,  when  malachite  grfeen  alone  is 
used  to  stain  a  pulp  composed  of  a  mixttwe  of  fibers  having  a  high 
content  of  lignin  and  of  other  fibers  more  thoroughly  digested,  one 
gets  a  range  of  shades  varying  from  deep  green  to  very  light  green, 
or,  perhaps,  to  the  entire  absence  of  color  in  the  ca^  of  fibers  that 
are  completely  freed  from  incrustiiig  matter.  Although  there  may 
be  no  sharp  color  line  of  demarcation  to  set  off  any  out  group  of 
fibers  against  any  other,  results  of  this  kind  may  serve  the  purpose 
of  determining  the  thoroughness  or  the  imif ormity  of  the  cooking 
or  of  the  bleaching  action.  But  if  this  or  a  similar  dye  or  stain 
is  followed  by  one  of  a'  contrasting  cblor,  as  recommended  by 
Siebert  and  ifinor,'  it  will  sometimes  be  found  possible  to  separate 
quite  distinctiy  a  mixture  of  two  different  pulps,  as,  for  example, 
a  well-cooked  from  a  slightiy-cooked  pulp,  or  a  well-bleached  from 
a  poorly-bleached  pulp,  or  a  chemical  from  a  mechanical  pulp. 
These  authors,  however,  recommend  that  malachite  green  be 
followed  by  an  add  dye,  while  in  the  method  described  below  both 
of  the  dyes  used  are  basic. 

Whether  th^  different  ^Bnities.  of  the  two  pulps  for  various  dyes 
and  stains  are  due  to  different  chemical  properties  of  the  pulps 
brought  about  by  the  different  cooking  methods,  or  whether  they 
are  due  merely  to  the  different  amounts  of  incrusting  matter 
remaining  in  the  sulphite  and  sulphate  pulps,  i^  a  question  on 
which  cellulose  chemists  do  not  agree. 

m.  METHODS  PROPOSED  BT  BARUER  EXPERXMBnTTERS 

In  stud3dng  this  problem  the  available  methods  proposed  from 
time  to  time  by  others  who  have  experimented  along  this  line  wei^e 
tried.  Below  is  given  a  description  of  each  method,  together  with 
a  brief  statement  of  results  obtained  by  the  writers  in  trjring  the 
method. 

>  The  Differentiation  of  Sulphite  Pulpi.  Paper.  25.  No.  az;  Jan.  iB,  xgto. 
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1.  XXBMM'S  METHODS 

Klemm  is  given  credit  for  developing  two  methods,  in  one  of 
which  use  is  made  of  malachite  green  alone,  and  in  the  other  use 
is  made  of  both  malachite  green  and  rosaniline  sulphate. 

Klemm's  malachite  green  method  is  described  by  R.  W. 
Fannon '  as  follows: 

The  reagent  consists  of  a  saturated  solution  of  malachite  green,  a  coal-tar  dye,  td 
which  2  per  cent  acetic  acid  has  been  added.  A  portion  of  pulp  is  treated  with  a  few 
drops  of  the  reagent  sufficient  to  soak  it,  and  the  excess  blotted  up.  The  fiber  is  then 
examined  microscopically.  Unbleached  sulphite  is  colored  full  green;  sulphate  is 
colored  light  green. 

The  results  obtained  by  ttsing  this  method  were  not' satisfactory, 
since  there  is  no  sharp  or  distinct  line  of  demarcation  between 
the  two  pulps,,  some  of  the  more  deeply  colored,  sulphate  fibers 
showing  a  deeper  gree^  than  some  of  the  lighter  colored  Ophite 
fibers.  These  results  are  in  harmony  with  the  statements  made 
above  regarding  the  use  of  malachite  green  in  staining  various 
pulps  and  fibers. 

Schwalbe  mentions  another  procedtire,^  a  malachite  green 
and  rosaniline-sulphate  method,  which  he  also  calls  Klemm's 
method.  No  details  as  to  making  up  the  dye  solutions  or  method 
of  applying  them  are  given. 

It  was  foimd,  however,  that  a  fairly  good  differentiation  between 
the  two  pulps  is  had  if  they  are  stained  for  about  two  minutes  with 
a  one-half  per  cent  aqueous  solution  of  malachite  green,  rinsed 
with  water,  then  stained  with  a  solution  of  rosaniline  sulphate 
acidified  with  sulphuric  add.  The  same  results  may  also  be 
obtained  if  these  two  stains  are  compounded  in  the  right  pro- 
portions before  being  applied  to  the  pulps. 

When  the  chemical  composition  of  rosaniline  sulphate  is  com- 
pared with  that  of  magenta,  or  fifchsine,  one  of  the  dyes  recom* 
mended  below,  it  is  eivident  that  they  are  very  'closely  related, 
and  that  the  color  radical  is  thtt  same  in  both.  An  insight  into 
the  constitution  of  these  compounds  may  be  had  from  any  good 
treatise  on  organic  chemistry. 

PararosaniHne  and  rosaniline'  are  the  bases  of  the  fuchsine 
dyes.  Both  are  triacid  bases,  stronger  thaii  ammonia.  The 
l^sic  fuchsine  or  magenta  dyes  are  formed  by  treating  these 
bases  with  various  adds,  particularly  hjrdrochloric  and  acetic, 

>  An  effort  to  find  a  timph  meant  of  diffcrentiatkn  between  tntphite  and  totphate  inilp.  (A  thesis 
preiMred  at  the  Unhrcnity  ol  Maine.  June.  1916.) 

*  Pulp  and  Paper  Magazine,  p.  ax;  Jan.  x.  19x4. 

>  A.  Bcmthten.  Organic  Chemistry,  translation  by  J.  J.  Sudborough;  New  York.  xgxa. 
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water  being  eliminated  during  the  reaction.  The  formula  of 
rosanilineis 

yCeH4.NH, 
C(OH)  A:eH,.NH,  or  C^H,,N,0. 

\CeH3(CH,).NH, 

By  treating  with  hydrochloric  add,  the  following  reaction 
takes  place: 

CoHj^NaO  +HC1  -CaoH^oNaCl +H,0. 

RoMUiiUne       Hydro-  RotaniHne  Water 

diloric         fay^Uodiloridc 

add 

From  analogy,  it  appears  that  a  similar  reaction  takes  place 
when  rosaniline  is  treated  with  sulphuric  add,  and  that  rosanifine 
sulphate  is  essentiaUy  a  basic  fuchsine  or  magenta  dye,  but  with 
an  add  radical  not  usually  found  in  dyes  put  out  imder  this  name. 

(C^H^NaO),  +  H,SO,  -  (C»H«N«),S04  +  2H,0. 

Roaaniline  Sulphuric  Rosaniline  sul-  V/atcr 

add  phate 

As  the  coloring  power,  however,  of  these  dyes  lies  wholly  in  the 
basic  constituent,  there  can  be  no  doubt  but  that  rosaniline 
sulphate  is  essentially  basic  fuchsine  or  magervta. 

One  authority  •  states  that  basic  magenta  is  a  mixtiu-e  of  the 
hydrochloride  and  acetate  of  rosanUine  and  pararosaniline; 
according  to  another,  it  is  a  mixture,  of  th^  hydrochlorides  of 
rosaniline  and  pararosaniline.    The  formula  of  pararosaniline  is 


<C,H,.NH, 
C.Hi.NH, 


of  Cj^HijNsO. 


The  reaction  of  this  base  with  adds  is  like  that  of  rosaniHtie. 

The.  malachite-green  and  rosamlii^$ttlphate  stain,  how^w, 
doQ$  not  give  as  briUiaiit  color  contrast;  between  the  t^ra  kinds  of 
fibers.  This  advsmtage  of  th^  use  cl  basic  fudzsioe  over  that  of 
rosaniline  sulphate  is  probably  explained  by  the  g^^ter  sotubility 
of  basic  magenta  as  compared  ^th  that  of  rosaoilinie  sulpiiate, 
aince  it  was  &>und  by  test  that  basic  magenta  is  much  more  soluble 
in  water  than  is  rosaniline  sulphate*  This  fact  is  in  hamooy  with 
the  known  properties  of  the  salts  of  these  adds. 

•  Tfaomas  H.  Norton  itftiical  dyestutfs  used  la  tin  Unltad  Slates.  SpceWAfcntSeriei.  No.  iti.  Bufeaa 
Foreign  and  Domestic  Commerce.  Washington.  D.  C.  Ira  Bcmaco.  Organic  Ch—iiatfy.  Fifth  rwrfiiflA; 
New  Yorlc.  1909. 


Digitized  by 


Google 


Differentiating  Unbleached  Sulphite  and  Sulphite  Pulps        9 
2.  SCHWALBB'S  IfETHODS 

Schwalbe  also  describes'  two  methods  of  analysis,  in  one  of 
which  aqueous  solutions  of  ferric  chloride  and  potassium  ferro- 
cyanide  are  used,  and  in  the  other  solutions  of  a  copper  salt  and 
an  organic  dye.  The  former  method  is  also  briefly  outlined  by 
Fannon.8 

The  ferric-chloride  and  potassium-ferrocyanide  method  consists 
in  extracting  the  pulps  for  about  30  minutes  in  alcohol  and  ether 
to  remove  rosin,  treating  with  a  0.05  N  solution  of  ferric  chloride 
at  from  60  to  80®  C  for  about  30  minutes,  or  until  all  the  fibers 
settle  to  the  bottom  of  the  container,  washing  with  distilled  water, 
and  treating  with  a  i  per  cent  solution  of  sulphimc  add,  to  which 
is  then  added  from  foiu:  to  eight  drops  of  a  2  per  cent  solution 
of  potassium  ferrocyanide.  The  container  and  contents  are  then 
placed  on  a  water  bath  and  kept  at  a  temperature  of  from  60  to 
80°  C  for  from  5  to  10  minutes.  The  pulps  are  then  washed  and 
examined  under  the  microscope.  Sulphite  fibers  are  colored  a 
deep  blue,  and  sulphate  fibers  a  much  lighter  blue. 

This  method  did  not  give  results  that  would  enable  a  distinction 
to  be  made  in  all  cases  between  the  two  pulps,  nor  to  permit 
estimations  in  any  case.  Moreover,  the  process  is  too  long  and 
tedious  to  be  practical.  However,  since  Schwalbe  so  highly 
recommends  this  method,  it  is  thought  probable  that  better 
results  could  be  obtained  if  enough  time  ^uld  be  spent  in  study- 
ing and  experimenting  with  it. 

By  the  copper  method  the  pulps  are  boiled  in  a  solution  of  a 
copper  salt  such  as  copper  sulphate,  washed,  then  treated  with  a 
solution  of  an  organic  dye  such  as  benzopurpurine  loB.  The 
benzopurpurine  treatment  develops  in  some  classes  of  fibers  an 
intensely  blue  color,  according  to  Schwalbe,  due  to  the  formation 
of  a  so-called  copper  lake  with  the  copper  salt  retained  by  the 
fibers. 

This  method  was  not  experimented  with,  since  Schwalbe  himself 
condemns  it  as  being  too  involved  and  imcertain  in  results, 
especially  with  pulps  so  similar  in  their  properties  as  imbleached 
sulphite  and  sulphate. 

^  Pulp  and  Paper  Magaainc.  p.  sz;  Jan.  i,  19x4. 
»  Thesis  referred  to  above. 

843d2«»— 21 2 
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3.  FAHlfOirS  MBTHODS 

Fannon  •  found  that  a  saturated  aqueous  solution  of  rosaniline 
sulphate,  to  which  is  added  i  to  3  per  cent  of  alcohol  and  enough 
sulhpuric  add  to  cause  the  solution  to  take  on  a  violet  shade,  is 
a  satisfactory  stain.  He  used  two  methods  of  applying  this 
stain  and  examining  its  staining  action: 

In  the  first  method,  two  or  three  drops  of  the  solution  were 
allowed  to  fall  in  the  same  spot  onto  the  samples  of  sulphite  and 
sulphate  pulps  tested,  and  the  color  reactions  observed  with  the 
tmaided  eye.  The  unbleached  sulphite  ptilps  showed  "a  deep 
bluish  center  with  a  yellow  ring  surrotmding,"  while  the  sulphate 
sample  gave  **a  deep  red  coloration/'  **From  7  to  15  minutes 
after  the  stain  was  dropped  on,  the  distinctive  colorings  were 
evident.    After  an  hour  or  so  the  colors  faded." 

In  the  second  method,  **  mixtures  of  sulphate  fibers  and  sulphite 
fibers  were  made,  stained  with  the  last-named  solution.  The 
different  fibers  developed  their  respective  colorations,  and  under 
the  microscope  estimations  of  each  were  possible.'' 

This  stain  was  not  found  satisfactory  when  used  according  to 
either  method  recommended,  because  the  color  differences  shown 
by  the  two  pulps  are  not  sharp  enough  to  enable  one  to  detect 
without  doubt  even  the  presence  of  small  percentages  of  one  pulp 
when  mixed  with  the  other. 

IV.  THE  MALACHITE-ORESn  AND  FUCHSINE  METHOD 
1.  SOURCBS  OF  MATERIALS  USED 

The  samples  of  pulps  and  papers  used  in  this  investigation 
consisted  of  188  pieces  collected  from  a  number  of  different  firms, 
and  represent  pulps  manufacttired  in  all  parts  of  this  country, 
and  in  at  least  four  foreign  cotmtries,  Canada,  Finland,  Norway, 
and  Sweden.  All  possible  information  was.  obtained  re^garding 
these  samples,  such  as  the  kind  of  wood  used  and  in  what  locality 
grown,  the  degree  of  cooking,  etc. 

The  dyes  and  stains  used  dining  the  earlier  part  of  this  investi- 
gation were  obtained  chiefly  from  the  chemical  division  of  this 
Bureau.  Most  of  them  had  been  in  stock  for  some  time,  and  all, 
or  nearly  all,  were  of  German  manufacture.  But  after  the 
method  given  below  had  been  pretty  thoroughly  worked  out, 
samples  of  the  two  dyes  used  in  this  method  were  obtained  from 
different  sources  in  this  country  in  order  to  determine  whether 
the  different  makes  of  dyes  were  equally  suitable  for  the  purpose. 

*  TbctU  nfcrrcd  to  sboTC 
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2.  METHOD  OF  ATTACK  AND  BARUBR  BZPERIMBNTS 

The  method  of  conducting  the  investigation  was  to  try  out 
on  the  two  kinds  of  pulps  the  reaction  of  various  biological  stains 
and  dyes  recommended  by  authorities  on  microscopical  methods, 
and  also  other  stains  and  dyes  that  were  suggested  in  one  way  or 
another.  Most  of  the  experimenting  was  carried  on  with  red, 
green,  and  blue  dyes,  since  dyes  of  these  colors  are  usually  the 
most  brilliant  and  positive  in  their  coloring  action.  The  few 
yellow  dyes  that  were  tried  did  not  give  sufficiently  brilliant 
color  effects  on  the  fibers,  and  little  work  was  done  with  them. 

In  making  this  investigation  by  what  may  be  properly  called 
the  empirical  method,  a  great  number  of  tests  were  necessarily 
made  that  are  relatively  valueless  and  therefore  are  omitted 
from  this  publication.  Those  which  may  be  of  value  to  others 
who  are  experimenting  along  the  same  line  are  given  in  Table  i . 

TABLE  1.— Interesting  Experiments  ICade  and  Stains  Used  with  the  Color  Reactions 
on  Sulphate  and  Sulphite  Fibers 

[Est  Ale.— extracted  wtth  alcohol;  aq.— aqueous;  ao*.— aolutfon.] 


Serial 

HowsUined 

Actton 

lUmuk. 

No. 

Sulphate 

Sulphite 

2 

Safranin  In  equal  parte  water  and  alcohol. 

Cotorlesstetatait 

Ptaik  to  light 

Color  difference 

rinaed  with  water,  Delaaeld'a  hema- 

reddish 

magenta. 

qoltenotteeablB. 

tozylin. 

brown. 

6 

Bxt.  ale.  boiled  1  mhiute.  H  per  cent  aq. 

Clear    blue. 

Pale   gray  to 

Differentiation 

ioL  malachite  green,  tinaed  with  water. 

bundles 

.  —  -  - 
jawiiMr* 

godd. 

rotaniline  aulphate  and  little  aulphurlc 

green. 

add. 

7 

Bit.  ak.,  Mled  1  mtBute,  H  pw  cent  aq. 

Dark  blue 

Cotoriess     to 

Pits  el  solphtte 

aoL  malafjitte  green,  rtnaed  with  water, 

faint  purple. 

flbers       colMed 

eoein  in  equal  parts  alcohol  and  water. 

green. 

IS 

Sit.  alt.,  heated  to  10a*C  in  K  P«  cent  aq. 

Light    to    dark 

Light  to  daric 

Do. 

soL  malachite  green,  rinsed  with  water, 

red. 

red. 

1  per  cent  aq.  ale.  sol.  safranin. 

17 

Boiled  1  mfaittte  in  1  part  rosaniUne  sul- 
phate soL,  then  1  part  1  per  cent  aq,  sol. 

Bhie 

Purpto 

OooQ    dtserenQa- 

tton. 

malachite  green  added,  lightly  rinsed 

with  water. 

44 

■it  ak.,  boiled  la  water,  addlfled  solu- 
tion 50  per  cent  alcohol,  Delafleld's 

Red. 

do 

Fair      dilteentla* 

tkn. 

heoatoxyUn  10  to  15  mhwtes,  rinsed 

with  water,  H  pw  cent  soL  coogo  red  1 

minute,  rinsed  with  water. 

43 

Sxt  ak.,  boiled  fai  water,  addlfled  solu- 
tien  50  per  eent  alcohol,  Delafleld's 
hsmaloxyUn  left  on  until  air  dry,  rinsed 
with  water,  H  per  cent  sol.  coogo  red  1 
mfcmle.  rinsed  with  water. 

.....do 

Purple     with 
little  rwL 

Do, 
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TABLE  1.— Intansthig  Bj^erimenia  Made  and  Stains  Used  wiili  the  Color  Resctknis 
on  Sulphate  and  Sulphite  Fibers — Continued 


Action  on-* 

Serltl 

^_ 

No. 

ReowlDi 

Sulphate 

Sulphite 

57 

Sit  ale,  waihed  wltb  1  per  cent  aq.  lol. 

Blue 

Purple 

Oood    dlitaentla- 

tMmic  aqld,  tlifn  eqwa  puts  I  per  cent 

ttm. 

aq.Mhitioiis  aoid  fochsine  and  maladjtte 

green  3  mlnistea,  ilnsed  with  water. 

79 

Bit.  Sic,  teUeA,bi  mtm  dried  irtth  filer 
paper  on  elide,  then  SO  parte  each  of  1  per 
cent  aq.  aohitlona  magenta  and  malachite 
green  and  1  part  1  per  ceotaq.  aoL  tannic 
add  a  mfaraief,  quickly  rinaed  fai  50-50 
aq.  ale  aoL  alighUy  addifled  with  HCl, 
rinaed  with  wattei 

Oreenidi  bhxe.. 

.....do 

Dtffanntiatida  «i- 
ceUent. 

82 

Boiled  In  ^^ter,  H  per  centaq*  aol«  aiala- 
chite  green  and  aq.  aoL  roeaniline  lul- 

Btae..,.,....^.. 

do..^..,... 

Color  diflbteooe  Ml 

aa    dedalfe    aa 

pfaale  and  little  HtSOi,  aU  left  on  flben 

when  magenta  in 

2  minutea,  then  rinaed  with  water. 

need  hi  place  of 
nieanlUne  sul- 
phate. 

84 

Slide  aa  made  up  by  No,  79  examined  under 
microecope  in  polarized  Hght,  with  both 
parallel  and  croaaed  nicola. 

Varioua  colors... 

Varioua  colors. 

p  ropertlen 
appeared. 

85 

Boiled  in  water,  pulped  and  eiamined 

Yellow,  orange. 

Yellow,  orange, 

I>0. 

under  microecope  in  polariied  light  with 

andbhse. 

andbhie. 

both  parallel  and  droeaed  nlcole. 

Some  of  the  pulps  were  extracted  with  aloohol  to  remove 
resins,  and  this  fs^ct  is  indicated  in  each  case  i|i  the  table.  The 
ptdps  wene^  then,  rinsed  and  cooked,  at  first,  in  dear  water,  and 
pulped,  no  chemical  being  used  in  the  cooking  process,  as  it  was 
thought  that  any  chemical  treatment  might  possibly  interfere 
with  the  staining  action  to  follow.  Experiments  that  were  con- 
ducted later,  howeveri  indicated  that  cooking  the  sample  of 
paper  in  a  one-half  per  cent  aqueous  solution  of  caiistic  soda 
does  not  have  any  effect  on  the  action  of  the  dyes.  The. alcohol 
used  at  various  times  and  for  various  purposes,  as  indicated, 
was  in  all  cases  ethyl  alcohol.  The  color  appearances  and  other 
characteristics  noted  are  those  which  appeared  under  the  micro- 
scope. 

3.  DBTAILBD  IGBTHOD  OF  TTSINO 

The  st^jtn  which  was  foimd  to  be  most  satisfactory  in  differ- 
entiating between  unbleached  sulphite  and  sulphate  pulps  or 
fibers  was  a  mixture  of  one  part  of  a  2  per  ceftt  aqueous  solution  of 
malachite  green  and  two  parts  of  a  i  per  cent  aqueous  solution  of 
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basic  fuchsine,  or  magenta.  The  solutions  were  made  up  accord- 
ing to  the  following  formulas,  kept  in  tightly  stoppered  separate 
bottles,  and  mixed  only  when  wanted  for  use: 

A — Malachite  green 2  g 

Distilled  water xoocm' 

B — ^Basic  fuchaine i  g 


Distilled  water 100 


cm 


Stoce  there  is  considerable  variation  in  the  quality  of  dyes  from 
various  sources,  it  is  not  to  be  expected  that  any  given  combina- 
tion of  dyes  or  method  of  procedure  will  best  fit  all  cases;  it  is, 
indeed,  more  than  probable  that  the  compound  stain  will  have  to 
be  modified  somewhat  as  to  its  two  components,  depending  on  the 
source  of  the  dyes. 

After  this  stain,  tiierefore,  has  been  made  up  according  to 
formula,  it  will  be  necessary  to  test  it  out  on  sunples  of  sulphite 
and  sulphate  fibers.  To  do  this,  samples  of  unbleached  sulphite 
and  sulphate  pulps  should  be  prepared  and  a  few  fibers  of  each 
placed  on  a  sUde,  care  being  taken  not  t6  get  the  two  samples 
mixed.  The  fibers  are  then  dried  and  stained,  as  directed  bek>w, 
and  then  ei^miined  under  the  miGroseope^  All  the  sulphate  fibers 
should  have  a  bhie  or  blue*green  color,  and  all  the  sulphite  fibers 
should  have  a  purple  or  lavender  color.  If  any  purple  fibers 
appear  in  the  sulphate  pdlp  this  mdicates  that  too  much  fuchstne 
is  present  in  the  combination,  and  a  little  more  mcdachite  green 
solution  rni^  be  added  to  cotmteract  this  effect.  If,  on  the  other 
hand,  some  of  the  sulphite  fibers  show  green  or  blue,  there  is  too 
much  maladiite  green  in  th6  combination/ and  more  fuchsine 
solution  must  be  added.  Of  coinsie  the  analyst  must  be  sure  that 
he  is  using  authentic  samples  ot  the  twa  pulps  for  this  test.  When 
tested  out  in  tMs  manner  and  the  proper  combination  founds  the 
stain  is  ready  to  be  used  on  imknown  combinatiot^  of  fibers  con- 
taining either  unbleached  ^ul|^te  or  sulphate,  or  both. 

A  mixture  of  one-half  sulphite  and  one-half  sulphate  may  also 
be  used  to  test  out  the  stain,  the  proper  combination  for  the  stain 
being  indicated  when  one-half  of  the  fibers  are  colored  blue,  and 
the  other  half  innple. 

The  stain  should  not  be  used  for  mote  than  9.  few  hours  after 
being  compounded  and  should  be  made  up  anew  at  l^st  (each 
day. 
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The  method  of  preparing  the  samples  of  pulps  or  papers  for 
staining,  and  of  applying  the  stain,  is  as  follows: 

The  sample  is  boiled  for  a  few  minutes  in  water  or  in  a  one- 
half  per  cent  aqueous  solution  of  sodium  hydroxide,  and  the  fibers 
are  thoroughly  disintegrated  by  shaking  in  a  test  tube  or  other 
receptacle  about  half  filled  with  water,  glass  beads  being  added 
if  the  fibers  can  not  otherwise  be  separated.  Several  fibers  are 
then  removed  by  means  of  a  teasing  needle,  or  prefefrably  by- 
means  of  a  glass  tube  *<>  about  seven  thirty-seconds  of  an  inch  in 
diameter,  placed  on  a  microscope  ^de,  and  dried  by  the  use 
of  hard  filter  or  blotting  paper.  Two  or  three  drops  of  the  com- 
pound stain  are  then  placed  on  the  fibers  by  means  of  a  suitable 
dropper  or  a  pipette  and  allowed  to  remain  2  minutes,  during 
which  time  the  fibers  are  being  teased  apart  and  moved  about  in 
the  stain  on  the  slide.  This  teasing  is  necessary  in  order  that 
the  stain  may  have  equal  opportunity  to  act  on  all  the  fibers. 
At  the  end  of  2  minutes  the  excess  stain  is  removed  with  three 
or  four  thicknesses  of  hard  filter  paper,  and  the  fibers  treated  with 
three  or  four  drops  of  a  weak  aqueous  solution  of  hydrochloric 
acid,  made  by  adding  i  cm*  of  concentrated  add  ^*  gr.  1.19; 
HCl  37  per  cent)  to  i  liter  of  distilled  water.  The  add  solution 
is  allowed  to  remain  on  the  slide  for  from  10  to  30  seccmds,  during 
which  time  the  fibers  axe  teased  and  moved  about  rapidly.  Fol- 
lowing this,  the  excess  add  solution  is  removed  with  filter  paper, 
three  or  four  drops  of  distjlkd  water  api^ied,  the  fibers  quickly 
teased  about,  and  the,  water  i^bsorbed  with  filter  paper.  If  all  the 
excess  stain  has  been  removed  &x>m  the  slide  at  this  point,  a  drop 
or  two  of  water  may  be  added ,  the  fibers  spread  about  on  the  sUde, 
and  a  cover  glass  placed  over  them.  But  if  too  much  stain 
remains  on  the  slide  at  this  point;  it  will  be  neoessary  to  rinse 
again  with  disti)!^  water  before  applying  the  coyer  glass.  After 
the  cover  glasa  has  been  placed  in,  podtion  the  ^bets  are  ready  ifcr 
examination  under  the  microscope. 

4.  BSTDHAXra G  PERCENTAOBS 

The  color  contrast  not  only  enables  one  to  detect  the  ptesenoe 
of  one  or  both  of  these  fibers,  but  is  sharp  enough  to  ensile  one, 
after  some  practice,  to  make  an  approximately  correct  estimate 
of  the  percentages  of  each  of  these  fibers  present. 

»  F.  C  Cbrk.  Ptper  Testing  Methods.  Tax>pi  PnblUhing  Corp..  New  York,  21;  V.;  19*0. 
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In  order  to  get  a  practical  idea  as  to  wlmt  cottfd  be  accomplished 
in  estimating  the  i)ercentages  of  sulphite  and  sulphate  fibers  when 
stained  as  directed,  three  persons,  all  of  whom  had  had  experience 
in  estimating  the  percentages  of  fibers  stained  with  the  zinc- 
chloride  and  iodine  stain,  made  a  number  of  estimations  on  known 
mixtures  of  these  two  pulps. 

Seven  mixtures,  made  from  representative  samples  of  sulphite 
and  sulphate  pulps,  were  prepared  by  weighing  on  a  chemical 
balance  the  proper  proportions  of  each  pulp,  the  weights  of  the 
two  components  totaling  30  g  in  each  case.  The  pulps  were  then 
thoroughly  mixed  by  agitating  in  a  tight  container  with  consid- 
erable water.  The  series  made  up  contained  ao,  25,  40,  50,  60, 
75,  and  80  per  cent  of  unbleached  sulphite.  A  representative 
portion  of  each  member  of  this  series  was  placed  in  a  container 
and  labeled.  Microscope  slides  were  then  made  up  from  each 
of  the  seven  samples,  each  slide  being  given  an  unknown  mark 
of  identification,  and  handed  over  to  the  analysts  for  their  esti- 
mations. Pour  different  series  of  estimates  wiere  made,  in  each 
of  which  a  different  make  of  American  dyes  was  used. 

V.  SUMMARY  OF  RBSULTIS 

In  the  tables  below  are  given  the  results  of  estimated  on  the 
seven  fiber  mixtures,  each  taUe  showing  the  results  obtained  by 
using  dyes  from  one  of  the  four  sources. 

TABLE  2.— Results  of  Analyses,  Usliig  Dyes  from  First  Source 
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TABLE  3.— Itesolts 4)1  Analyaee,  VwbiiDjpB  torn  Second  Sooioe 
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TABLE  4.-Jtipirt|9  dI  Axui^SMy  PtiAgDfM  torn  Third  Source 
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TABLES, 

— RiMTOlts  ai  AnalyMS,  Using  Df ••  from  FoivHi  S«|r«A 

Mnrer 

FKo^itif*  ralplitte  in  mlitara 

enor 

N«bw«i     ' 

MliBttwS 

Actail 

•rror 

(tt) 

BCtti. 

Mini* 
mutn 

Av«. 

u : ^ 

A  : 

B  - 

A 

B 

A 
A  , 

t 

'  >  •  28 
,  25 

50 

60 
50 

60 
7$ 

75 

n 

20 

.  20 

20 

20 

25 

,25 
50 

2Qu« 
20.6 

28.2 

27.1 

40.6 
80.7 

.    48.8 

74.1 
74.1 

20 
20 

25 
25 

40 
^40' 

■18 

60 
60 

.^■ 

Pwcent 

•   -wte 

+0.6 

'+i2 

+2.1. 

+0.6 
>0-3 

-1.2 
+ft9 

'    -A9 
-0.9 

Pwetnt 

:i.2 

1.2 

'  8.^ 
4.8 

"  11 

,     3.0 

3.3 
*J 

7.7 

4»7 
4.7 

P«Mnt 

17 

2.8 

If :..; 

111 

17 

.U.8 

'••'lli 

17 

If , 

•7.2 

17 

17 ,.«.,. 

8,0 
18.7 

17 

17 ».. 

IM 

i?:::::::::::::;:::::::: 

M,....^ ;,..j...* 

"H 

w^/^^^v^/^^^,.. 

: .  r  .    .    * 

The  analysts,  or  persons  who  made  the  estimations/ are  referred 
toas"A;^"B/'and".C'' 

The  error  of  ava^ges  is  the  diffei'ence  between  the  average  6i  afi 
estimations  for  that  particular  cas^  and  the  actual  pM-cehtag^  o{ 
sulphite  in  the  mixture.  iThe  average  result  is.  computed  from  ai 
number  of  estimations  in  most  cases;  the  exact  number  of  estima- 
tions in  each  case  is  given  in  the  tables.  -     • 

The  most  pitobabte  errof  is  ah  error  of  such  magnitude  that  a 
single  estimatipn  ha^  an  edt^l  chance  of  b^g  either  Svithin  the 
efror  or  out^de  o^  it.  T^e  given  errors  ^e  doihputed  by  the 
method  of  least  scfiiares  according  td  the  formula'       '  . 


n 


in  "tthkb  f  Js'tlie  most  probable  ^tarov,  .X^is  theerrov  ol  oneiMJpnaf 
\km,J,X^  U^itJlie^itfm  of  the  squares  of  alLerrx)i«  of  niestiiairticmsj 
ftAd  n  id  tte  tcital  xmmber  of  e9tamatioii9  made  on  tfaaitr  paitictifaiv 
mixtibe*)»nf'tbe'gi?8x^iatialyst;' '"  -.••..^.u.,  •  ■  ;  i  .  ..' ■  - 
ThehUge^ector  is^an  etvorof  suoh^bsfgiiitiidethattlie  fchaiMmara 
eqttal  tlUit  9  estbnatidns^  out  of  I'a  will  be  witfaint  theeirorf  sad 
oiily  I  in  10  grciaiter  than  it.  These  results  sfre  computed  \yf  tfas 
method  of  least  squaxes,-  according  ta  the  f ormttla 


in  which  u  is  the  huge  error. 


or  tt  =  244r, 


Digitized  by 


Google 


i8  Technologic  Papers  of  the  Bureau  of  Standards 

In  no  case  did  an  indi vtdtial  analyst  make  more  tiian  one  estima- 
tion on  the  same  miscroscope  slide  or  the  same  field  of  fibers. 

It  is  noteworthy  that  the  errors  in  the  last  series,  or  table,  are 
much  less  than  those  in  the  first  three  series.  This  is  no  doubt  due 
in  large  part  to  the  difierences  between  the  dyes  used  in  the  first 
three  series  and  those  used  in  Table  5,  since  those  used  in  the  last 
series  gave  much  more  satisfactory  color  effects  than  those  used  in 
the  first  three  series .  This  result  is  also  certainly  due  in  part  to  the 
greater  familiarity  and  experience  the  analjrsts  had  with  the  stain 
at  the  time  the  last  series  was  run. 

There  are  at  least  two  criticisms  that  may  be  offered  against 
these  estimations.  The  first  is  that  the  results  given  may  not 
quite  represent  estimates  on  wholly  unknown  mixtures,  since  each 
analyst  knew  in  what  proportion  each  of  the  seven  combinations 
in  the  series  was  made  up;  although,  as  stated  above,  each  sample 
was  marked  in  code  so  that  the  analyst  could  not  know  what  com- 
bination was  being  examined.  When  a  study  of  the  individual 
estimates  is  made,  it  appears  that  this  circumstance  did  have  an 
appreciable  influence  on  the  estimates  on  the  mixtures  near  either 
end  of  the  series.  But  since  o  per  cent  and  100  per  cent  are  limits 
in  all  mixtures,  it  seems  probable  that  estimates  on  mixtures  near 
these  limits  will  always  be  more  nearly  correct  than  estimates  on 
mixttu-es  containing  a  higher  percentage  of  the  smaller  constituent. 

The  second  criticism  is  that  it  is  not,  practical  in  most  cases  t6 
make  16  or  j8  different  estimates  on  the  same  sample  of  pulp  or 
paper.  This  cptidsm  is  valid,  especially  as  applied  to  mill  condi- 
tions ;  for  the  paper-mill  chemist  is  usually  too  busy  to  give  so  much 
time  to  the  study  of  one  sample  of  pulp  or  papef .  It  is  necessary, 
however,  that  anyone,  whether  novice  or  expert,  doing  work  of  tUs 
kind,  shall  become  familiar  by  actual  experience  with  the  use  and 
properties  of  any  stain  before  reHable  tesults  in  estimating  per- 
centages can  be  had.  To  get  best  results  in  estimating,  it  is  also 
necessary  that  one  keep  constantly  in  praettoe,  and  refer  often  to 
standard  or  known  mixtures,  accurately  made  up»  and  kept  always 
at  hand.  When  the  analyst  becomes  famiUar  with  the  character- 
istics and  use  of  the  stain  described  above,  it  is  probable  that  esti- 
mates can  be  made  by  its  use  as  qituckly  and  with  as  much  accu- 
racy as  with  the  zincH:hloride  and  iodine  stain. 

WAsmNGTON,  November  27,  1920. 
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•BLACK  NICKEL"  PLATING  SOLUTIONS 

By  George  B.  Hogaboom,  T.  F.  Slattery»  and  L.  B.  Ham 


ABSTRACT 

To  produce  the  so-called  "Government  bronze  "  finish  on  military  hardware,  "black 
nickel "  plating  was  frequently  applied.  Investigation  showed  that  for  this  ptspose 
very  complicated  solutions  were  frequently  employed,  and  at  times  great  difficulty 
was  encountered  in  producing  uniform  results.  This  paper  describes  the  results  of  a 
few  experiments  on  such  solutions  and  contains  recommendations  regarxling  the 
composition  and  conditions  of  operation  ^diich  will  yield  satisfactory  deposits. 
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1.  INTRODUCTION' 

During  the  war  a  very  considerable  demand  arose  for  a  black 
finish,  the  so-called  "Government  bronze/*  on  military  hardware 
and  equipment.  Owing  to  the  difficulty  of  specif )ring  definitely 
the  color  or  other  desired  properties  of  the  deposit,  or  the  com- 
position of  solutions  or  methods  of  deposition,  there  was  frequent 
uncertainty  and  even  confusion  in  the  various  specifications  and 
methods  of  inspection.  In  consequence  numerous  inquiries  for 
information  and  assistance  were  received  by  the  Bureau  of 
Standards/ directly  and  through  military  channels.  The  present 
paper  is  simply  a  summary  of  experiments  and  observations  made 
and  conclusions  reached  in  the  effort  to  answer  such  inquiries. 

2.  OBNBRAL  PRINCIPLBS 

The  principal  formulas  proposed  for  ''black  nicker*  solutions' 
fall  roughly  into  two  classes — ^the  alkaline  cyanide  baths  and  the 
neutral  or  slightly  add  baths.    Arsenic  is  usually  an  essential 

1  Thew  notes  were  first  published  in  the  Monthly  Review  of  the  American  Slectroplaters'  Society, 
Jnly,  Z919. 
*  For  a  iunmuuy  of  tncfa  formulas,  see  O.  P.  Watts,  Mctailndnstry.  It,  p.  ui  19^ 
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constituent  of  the  alkaline  baths;  in  fact«  as  has  been  shown  and 
is  confirmed  by  this  work,  the  deposits  from  such  baths  may 
consist  principally  of  arsenic,  thus  approaching  in  composition 
and  properties  the  deposits  obtained  frcnn  ^'arserne black"  baths 
(prepared  by  the  solution  of  arsenic  trioxide  in  sodium  hydroxide 
and  sodium  cyanide) .  Such  deposits,  therefore,  hardly  justify  the 
term  **  black  nickel,"  except  as  an  indication  that  tlie  solutions 
contain  (or  originally  contained)  nickel  salts  and  are  operated  with 
nickel  anodes.  The  neutral  baths  contain  nickel  sulphate  or 
nickel  ammonium  sulphate,  together  with  salts  of  zinc,  copper, 
etc.,  and  usually  some  sulphiu*  compoimd,  such  as  a  sulphite, 
thiosidphate  (hypo),  or  sulphocyanate.  Of  these,  the  sulpho- 
cyanate  sc^utions  have  been  most  firequently  used.  The  expert^ 
ments  and  observations  of  the  Btureau  were  confined  chiefly  to 
the  alkaline  cyanide  baths  and  the  ^phocyanate  baths,  which 
win  be  considered  separately. 

3.  ALXALINB  CTANIDB  SOLUTIONS 

It  is  probable  that  these  baths  were  originally  prepared  (as  they 
Still  are  in  some  cases)  by  adding  to  a  portion  of  the  regular 
nickel-plating  bath  a  solution  of  sodium  arsenite — that  is,  arsenic 
trioxide  dissolved  in  sodium  hydroxide — ^forming  a  precipitate 
(essentially  nickel  arsenite)  which  was  then  dissolved  by  the  addi- 
tion of  sufficient  sodium  cyanide.  It  is,  therefore,  net  surprisaig 
that  difficulty  was  experienced  when  efforts  were  made  to*  state  a 
definite  formula  foir  preparing  soch  sohitiQiis  from  the  origiiMil 
chemicals*  In  order  to  obtaib  dear  sofartions^  or  to  piuduoe  tibe 
particular  shade  of  deposit  desired,  other  addittons  were  made  to 
the  8K)iutions,  whidt  resulted  in  Tsry  complicated-  aiid>  evcfa  am* 
tional  formulas.  P^haps  the  best  illustiartioa  of  such  a  foffmnift 
is  the  socalled  Rode  Island  fomitila  (whidi,  hiyimtr,  ptskaUfy 
did  not  origixiate  at  the  Rock  Island  Arseiml). 

Solution  No.  i 

z.  Dissolve  6  pounds  of  double  nickel  sailts  in  6  gallons  of  water. 
a.  Add  4  ounces  of  sulphuric  add. 

3.  Add  z  pound  of  "phosphoric  zinc'*  (prepaned  by  dissolving  zinc  in  ntvtpf  pbo^ 

p4ioi4c  Bad  diluted  with  an  equid  volume  of  water). 

4.  AddspotuKiBoCearbonat^of  amiioQiA(asnMmaitiotiatAtatiiiie}i 

5.  Add  4  pounds  of  sodium  cyanide. 


Digitized  by 


Google 


''Black  Nickel "  Plating  Solutions  5 

Solution  No.  2 

I.  Dissolve  10  pounds  of  arsenious  add  and  10  pounds  of  caustic  soda  in  5  gallons 
of  warm  water. 
Mix  solutions  No.  i  and  No.  2  and  dilute  to  12  gallons. 

Whatever  the  origin  of  this  or  equally  complicated  solutions 
suggested  for  military  supplies,  it  is  obvious  that  their  use  could 
not  lead  to  satisfactory  results.  One  of  the  difficulties  expe- 
rienced in  attempting  to  follow  some  of  the  suggested  formulas 
was  that  most  of  the  metal  in  the  salts  was  precipitated  to  the 
bottom,  forming  a  dudge  of  cyanides,  carbonates,  or  arsenites  of 
nickd,  zinc,  etc.  In  one  case  after  thorough  mixing  of  the  ingre- 
<lients,  only  7  per  cent  of  the  nickel  added  was  foimd  in  the  solu- 
tion. Such  solutions  are,  therefore,  very  wasteful,  as  well  as 
unsatt^actory  in  operation. 

In  the  effort  to  obtain  a  simple,  satisfactory,  alkaline  "black 
nickel"  solution,  a  large  ntuober  of  experiments  were  conducted, 
with  frequent  analyses  of  the  solutions  and  the  deposits.  Assum- 
ing that  the  nickel  is  present  as  the  double  cyanide,  and  the 
arsenic  as  sodiiun  arsenite,  the  simplest  solution  would  consist 
of  nickel  sulphate  treated  with  sufficient  cyanide  to  dissolve  the 
precipitate  first  formed,  and  arsenic  trioxide  with  sufficient  sodium 
hydroxide  to  dissolve  it.  Such  solutions  yielded,  however,  only 
tmsati^actory  grayish  deposits,  which  consisted  principally  of 
arsenic.  When  zinc  sulphate  was  present  in  the  solution  more 
satisfactory  deposits  were  obtained. 

The  exact  function  of  the  zinc  is  difficult  to  determine,  since 
very  little  enters  into  the  deposit.  In  the  effort  to  employ  certain 
of  tiie  coimnaxjal  formulas,  it  was  f oimd  that  a  very  considerable 
excess  of  cyanide  was  necessary  to  obtain  a  clear  solution.  From 
such  solutions,  containing,  for  example,  the  ingredients  hsxt 
listed,  good  gray^black  deposits  were  obtained. 
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On  continued  operation,  however,  the  deposits  became  lighter  in 
color,  a  large  amount  of  sludge  formed  in  the  solution,  and  the 
latter  changed  very  materially  in  composition,  losing  both  arsenic 
and  zinc.  This  is  to  be  expected,  since  in  these  solutions  nickel 
anodes  are  used  and  there  is  no  opportunity  for  the  deposited 
arsenic  and  zinc  to  be  replaced.  The  nickel  content  decreases  less 
rapidly,  although  nickel  anodes  are  not  readily  corroded  in  cyanide 
solutions. 

The  net  result  of  a  large  ntunber  of  experiments  and  analyses 
upon  alkaline  ** black  nickel'*  baths  was  the  conclusion  that  no 
bath  of  this  type  can  produce  uniformly  satisfactory  results  unless 
it  is  controlled  by  very  frequent  and  decidedly  difficult  chemical 
analyses,  such  as  are  not  usually  available  in  commercial  plating 
plants.  We  do  not  feel  justified,  therefore,  in  recommending  any 
formula  for  such  solutions. 

4.  SULPHOCTANATE  SOLUTIONS 

A  typical  formula  of  this  type,  which  has  been  used  for  many 
years  and  is  given  in  nimierous  texts  on  plating,  is  as  follows: 


Tngfrttentt 
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nickel  tmmnaium  ■ol^bato  (<l«abto  f«tt).. 
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o  Originally  potassium  or  ammoniutn  sulphocyanate  was  used  commrrciaJly,  but  recently  the  tod. 

salt  has  almost  entirely  replaced  it  with  equal  satisfaction.    (See  C.  H.  Proctor,  Metal  Industry.  li» 

p.  a6:  Z9z8.) 

Since  it  has  been  found  in  practice  that  such  solutions  give 
entirely  satisfactory  black  deposits,  the  experiments  conducted 
were  dh'ected  to  securing  simple  means  of  control  of  these  solutions 
rather  than  to  securing  new  or  possibly  better  formulas. 

Analyses  of  deposits  produced  from  such  solutions  when  freshly 
prepared  showed  a  considerable  variation  in  composition,  due  no 
doubt  to  slight  differences  in  the  original  neutrality  of  the  solu- 
tions and  to  slight  fluctuations  in  the  voltage. 

In  this,  as  well  as  in  the  alkaline  ** black-nickel"  solutions,  even 
sKght  changes  in  voltage  produce  matked  differences  in  the  jwo- 
portionof  the  metals  precipitated  and  hence  in  the  color  and 
physical  properties  of  the  deposits.  Thus  in  the  above  sulpho- 
cyanate solution  a  good  black  deposit  is  produced  with  0.5  to  0.7 
volt  (between  anode  and  cathode);  while  if  the  voltage  be  in- 
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creased  to  1.5  to  2  volts,  a  light-colored,  bright  nickel  deposit  is 
secured.  In  the  operation  of  such  solutions,  therefore,  control 
of  the  voltage  is  more  important  than  is  the  control  of  the  current 
density.  The  latter  i^obably  will  not,  under  good  conditions, 
exceed  i  ampere  per  square  foot  (o.ii  amp./dm'). 

Good  "  black-nickel "  deposits  were  found  to  contain  from  40  to 
60  per  cent  of  nickel,  20  to  30  per  cent  of  anc,  10  to  14  per  cent 
of  sulphm-,  and  10  per  cent  or  more  of  organic  matter  of  unde- 
termined composition.  (The  organic  matter  was  formed  by  the 
the  decomposition  of  the  sulphocyanate  upon  electroly^s.)  The 
ratio  of  sulphur  to  nickel  was  always  less  than  that  required  for 
nickel  sulphide,  which  contains  about  65  per  cent  of  nickel  and 
35  per  cent  of  sulphtu*.  It  therefore  appears  reasonably  certain 
that  the  black  deposit  consists  essentially  of  a  mixture  of  nickel 
sulphide,  nickel,  zinc,  and  organic  matter. 

If  the  zinc  content  of  the  solution  is  increased  very  much  above 
that  indicated  by  the  above  formula,  grayish  deposits,  with  high 
zinc  content,  are  produced.  If,  on  the  other  hand,  the  zinc  con- 
tent of  the  solution  is  greatly  reduced  or  actually  eliminated,  the 
deposit  is  nearly  pin-e  nickel,  with  a  light  or  bright  nickel  color. 
It  is,  therefore,  important  to  maintain  a  fairly  constant  composi- 
tion of  solution,  although  good  results  can  be  obtained  over  a 
moderate  range.  In  the  normal  operation  of  such  a  solution, 
the  changes  that  are  Kkely  to  occur  are  (a)  a  decrease  in  sulpho- 
cyanate, which  must,  therefore,  be  replenished  at  intervals; 
(6)  a  decrease  in  zsHc  content ;  and  (c)  an  increase  in  nickel  content. 
The  latter  arises  from  the  fact  that  with  nickel  anodes,  nickel  is 
going  into  solution  more  rapidly  than  it  is  deposited,  since  part 
of  the  current  is  used  in  depositing  zinc.  At  first  it  might  appear 
possible  to  replenish  the  zinc  and  prevent  an  increase  in  nickel 
content  by  the  substitution  (rf  zinc  anodes  for  part  of  the  nickel 
anodes.  Attempts  to  do  this,  however,  resulted  in  too  high  a 
zinc  content,  owing  to  the  fact  that  zinc  anodes  are  so  much  more 
readily  corroded  than  nickel.  The  most  practical  way,  therefore, 
to  reduce  the  nidcel  content  is  to  use  nickel  anodes  which  do  not 
corrode  very  readily — for  example,  those  with  96  per  cent  or  more 
of  nickel — and,  if  necessary,  to  restrict  the  anode  surface. 

In  general,  and  especially  when  using  high  percentage  nickel 
anodes,  there  is  a  tendency  for  the  solution  to  become  add. 
Among  the  various  additions  which  have  been  proposed  to  main- 
tain neutrality  are  ammcmia  and  nickel  carbonate.    Neither  is 
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entirely  satisfactory,  since  addition  of  ammonia  tends  to  pre- 
cipitate the  zinc  from  the  sohition  tmless  great  care  is  used,  and, 
on  the  other  hand,  the  use  of  nickel  carbonate  tends  to  still  fur- 
thtf  increase  the  nickel  content.  For  this  purpose  zinc  carbonate 
should,  therefore,  be  more  satisfactory,  since  to  the  extent  that 
it  nei^jaHzes  the  solution  the  zinc  content  will  be  maintained. 
Experiments  have  shown  that  by  havii^  an  excess  of  zinc  car- 
bonate always  present,  good  deposits  may  be  secured  over  a 
considerable  period.  Whether  in  any  case  its  use  is  sufficient  to 
maintain  the  zinc  contaot  will  depend  upon  ibt  conditioas  of 
operation,  and  can  be  determined  only  by  occaaiotial  analyses. 
Nickel,  zinc,  ammonia,  and  sulphoeyanate  may  be  determined  m 
such  solutions  t^  the  usual  methods^  whidi  are  not  especially 
difiScult  where  laboratory  facilities  and  experience  are  available. 
Wherever  possible,  it  is  desirable  to  have  such  analyses  made  at 
intervals,  although  by  observance  of  the  above  ^iggestions  it  is 
believed  that  the  solutions  will  change  in  composition  less  rapidly 
than  under  the  usual  conditions. 

5.  APPLICATIOIfS  OF  ''BLACK  NICKEL'* 

In  the  ap^eation  of  ''black  nickel"  plating  to  brass,  a  pre- 
liminary copper  plating  is  faequently  nscommended  or  spedfiei 
It  has  not  been  found  that  deposits  produced  upder  such  condi- 
tions are  mtrinsjcally  mora  adherent  or  serviceable  than  those 
produced  directly  on  brass.  When^  however,  the  "Government 
bronse"  effect  is  desired,  the  cc^^^ter  plating  is  an  advantage  in 
that  whenever  the  black  coating  is  remov«ed-*-f<»r  example,  by 
abrasion-— on  undeiiying  copper  ooatjng  produoes  a  more  pleas- 
ing effect  than  does  brass.  If  the  coipp^  plating  is  so  produced 
as  to  have  a  dull  surface,  it  also  tends  to  prodooe  a  matte  effect 
in  the  ''black  nidcel.''  This  is  frequently  desired,  especiaUy 
when  the  sulphoeyanate  solution  is  used,  which,  cm  a  polished 
surface,  tends  to  produce  a  t»right  black  finish.  The  actual 
wearing  properties  of  the  ''black  nickel''  surfaoe  are  laig^y 
determined  by  the  quality  of  the  lacqtier  subsequently  applied. 

Although  "black  nickel''  may  be  deposited  directly  upon  sUd> 
it  is  more  difficult  to  secure  good  results  than  if  the  steel  ^  fi^ 
plated  with  some  other  metal.  For  this  preliminary  coatingi 
copper  ^md  nickel  are  most  frequently  used.  Since,  however^ 
neither  the  copper  nor  the  nickel,  nor  the  "  black  nickel  *'  deposits 
afford  any  appreciable  protection  against  corrosion,  finishes  so 
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produced  are  not  desirable  for  outdoor  exposiure.  For  this  piu:- 
pose  the  steel  should  be  first  zinc  plated,  either  in  the  sulphate  or 
cyanide  bath.  Experiments  have  shown  that  steel  plated  with 
zinc  and  then  with  ''black  nickel"  possesses  about  the  same 
resistance  to  the  salt  spray  test  as  does  steel  plated  with  the  same 
thickness  of  zinc.  In  other  words,  the  "black  nickel"  does  not 
appreciably  add  to  or  detract  from  the  protective  value  of  the 
zinc  coating. 

6.  CONCLUSION 

A  bath  prepared  from  the  ingredients  here  listed,  kept  neutral 
with  an  excess  of  suspended  zinc  carbonate,  and  operated  with 
nickel  anodes  will  give  satisfactory  black  deposits  upon  brass, 
copper,  and  zinc;  upon  brass  plated  with  copper;  and  upon  steel 
plated  with  copper,  nickel,  or  zinc.  The  deposit  is  probably  a 
mixtmre  of  nickel,  nickel  sulphide,  zinc,  and  organic  matter  of 
tmdetermined  composition. 
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